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ABSTRACT
A STUDY OF RESIDUAL STRESS FORMATION IN
THREE-DIMENSIONALLY CONSTRAINED EPOXY RESINS
MAY 1992
ANTHONY R. PLEPYS, B.S., TEXAS A&M UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Dr. Richard J. Earns
A study of the evolution of residual stresses in three-dimensionally
constrained epoxy resins is presented. Visual observation of crack formation in an
epoxy resin cured isothermally in a thick-walled glass tube suggested the possibility
of large residual stress formation in resins cured under three-dimensional constraint.
A novel strain-gaged tube technique was developed to measure the internal stresses
evolved during the cure of three-dimensionally constrained epoxy resins.
The stresses evolved during the cure of a typical epoxy/amine resin system
developed as a result of restrained polymerization shrinkage and restrained
thermal
expansion. Hydrostatic tensile stresses as large as 12 MPa developed in the epoxy
resin during isothermal cures due to post-gelation chemical shrinkage.
Upon
cooling from the reaction temperature, the thermal stress developed
per degree of
temperature change was large and remained nearly constant as the resin
was cooled
through its glass transition temperature. It was discovered that
the residual stresses
VI
could be reduced by gelling the resin at a low temperature and then completing the
cure by elevating the temperature using a slow temperature ramp. In addition to
internal stress measurements, the bulk modulus and Poisson's ratio of the epoxy
resin were calculated as a function of cure time.
The evolution of residual stress was also measured in rubber-toughened,
reactive thermoplastic oligomer-modified, and particulate-filled epoxy resins
subjected to three-dimensional constraints. The addition of reactive rubber and
thermoplastic oligomers had a negligible effect on the development of stress in the
epoxy resin. In the particulate-filled systems, the average stress in the composite
was reduced by the addition of fillers, increasing the compressibility of the
composite.
The principles related to the study of residual stress formation in three-
dimensionally constrained epoxy resins were applied to an adhesion problem. The
breaking strength of a highly constrained tubular joint bonded with epoxy resin was
measured. The bond strength was improved by both the addition of a compressible
filler to the epoxy adhesive and the modification of the cure schedule.
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CHAPTER 1
INTRODUCTION
1.1 Introduction
The high strength-to-weight ratio, toughness, and processibility of many
polymers make them ideal for numerous engineering applications. One of the
consequences of processing polymeric materials is the formation of residual stresses
in the polymer. The presence of residual stresses can be either beneficial or
detrimental in the intended application depending upon the magnitude and direction
of the stresses.
Careful control of the processing conditions can influence the formation of
residual stresses and ultimately the mechanical behavior of a polymeric material. In
molding processes, large surface compressive stresses on a polymeric part can be
imparted by quenching the newly molded sample. In polycarbonate, for example,
this has the beneficial effect of increasing the impact strength, fatigue life and the
resistance to chemical attack' "*.
Oftentimes, however, the formation of residual stresses has a detrimental
effect on the performance of a polymeric material. Residual stresses often cause
molded parts to warp after removal from the mold or during machining^.^. The
strength of adhesive joints has been shown to decrease due to the presence of
residual stresses^-^. In composites, residual stresses can cause microcracking of the
polymeric matrix as well as debonding from boundary constraints, fibers, and filler
particlesio-'^. It has been estimated that residual stresses of up to 50% of the
breaking stress of the polymeric matrix material exist in graphite reinforced
composites Polymeric coatings may crack and blister as a result of residual
stresses present in the coatingi^. Thus, knowledge of the presence of residual
stresses and methods to control their formation would be highly beneficial in the
application of polymers in engineering applications.
In most engineering applications, epoxy resins are subjected to some degree
of dimensional constraint. The degree to which the resin is constrained has a great
effect on the magnitude of the internal stresses developed in the resin. In the region
between fibers in a composite and in some types of adhesive joints, the resin is
approaching a state of three-dimensional, or volumetric, confinement. A review of
the literature indicates that while the problem of residual stress development in
highly confined epoxy resins has been mentioned, a basic research effort to
understand the formation of residual stresses in the ultimate case of three-
dimensional confinement has not been undertaken. The work in this dissertation
addresses the problem of the evolution of residual stresses in three-dimensionally
constrained epoxy resins.
1.2 Dissertation Overview
The objective of this work is to develop an understanding of the factors
involved in the evolution of residual stresses in volumetrically confined epoxy
resins. In order to accomplish this goal, the problem was approached from both a
theoretical and experimental point of view. The equations of incremental linear
elasticity are used to predict the stresses evolved in a curing epoxy resin subjected
to three-dimensional constraints. A unique experimental technique was developed
to measure the stresses evolved in three-dimensionally constrained epoxy resins.
The knowledge gained was used to control and reduce the formation of residual
2
stresses in highly confined geometries. Some of the methods that were used
include the modification of the cure schedule, the use of toughened resins, and the
use of fillers.
Chapter 2 provides background information on the development of residual
stresses in epoxy resins. The discussion will focus on the volumetric changes
associated with the cure of epoxy resins which, when constrained, lead to the
formation of residual stresses. Also, a literature review on the subject of residual
stresses encompasses both the formation and measurement of residual stresses.
Results of previous investigations of residual stresses in epoxy resins and methods
used to reduce residual stresses are discussed. The theory of incremental elasticity
for a linear, isotropic, homogeneous material whose properties are changing with
time is presented as it relates to the problem of volumetric constraints. An analysis
of the equations reveals the relative magnitude of the residual stresses expected
under one-, two- and three-dimensional constraints.
Chapter 3 examines the evolution of residual stress under volumetric
constraints in a typical epoxy resin. The strain-gaged tube technique developed to
measure the internal stresses in volumetrically constrained epoxy resins is
presented. The residual stress developed in the volumetrically constrained resin is
presented for several different cure conditions. Material properties of the curing
epoxy resin are measured and correlated to the cure stress in order to develop failure
criteria of epoxy resins subjected to three-dimensional constraints. Also, the bulk
modulus and Poisson's ratio of the epoxy resin during the curing reaction are
calculated from both the stress results and the measured material properties using
the equations of incremental elasticity.
In Chapter 4 the behavior of high performance epoxy resins under
volumetric constraints is investigated. The technique developed to measure internal
3
stresses in volumetrically confined resins is utilized to study a high temperature
epoxy resin (Tg > 200°C). Also, a study was conducted on the behavior of
toughened epoxy resins subjected to volumetric constraints. The two resins studied
were an amine terminated butadiene acrylonitrile (ATBN) rubber modified epoxy
resin and an epoxy resin reacted with an amine terminated polyetheretherketone
oligomer. The results obtained are explained in terms of the distortional and
dilatational modes of deformation.
Chapter 5 presents the effects of fillers on the formation of residual stresses
in three-dimensionally constrained epoxy resins. The fillers studied include hollow
glass microspheres, solid glass microspheres, ground epoxy resin and voids.
Composite theory is utilized to relate the results obtained for each filler to its
material properties.
In Chapter 6 the principles learned throughout the course of this research are
applied to an adhesion problem. Adhesive joints, which put the resin under a high
degree of constraint, were fashioned out of cylindrical tubes . The effect of
different cure schedules and fillers on the adhesive strength of the joint is presented.
Chapter 7 summarizes the major conclusions of this dissertation. In
addition, suggestions for future work in this area are presented.
1.3 References
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CHAPTER 2
BACKGROUND
2.1 Introduction
A thorough knowledge of the cure behavior of epoxy resins is necessary in
order to understand the evolution of internal stress in epoxy resins. In this chapter,
the existing literature on the physical and mechanical behaviors of curing epoxy
resins, including the formation of residual stress, is reviewed and related to the
problem imposed by volumetrically constraining the resin. The methods used to
measure internal stresses in epoxy resins by previous researchers and the results
obtained are presented. In addition, the theory of incremental elasticity is
introduced, describing the evolution of residual stresses in materials subjected to
varying degrees of constraint. An esdmate of the reladve magnitude of residual
stress developed in epoxy resins subjected to one-, two- and three-dimensional
constraints is made from an analysis of the theoredcal equadons.
2.2 Epoxy Resins
Epoxy resins are typically used in applications such as surface coatings,
adhesives, and matrices in fiber composites. Some of the properties of epoxy resins
which make them attractive for these engineering applicadons include ease of
processing, high temperature stability, high strength, and good adhesive
characterisncs. Unfortunately, residual stresses form in epoxy resins during the
curing process which are detrimental to the ultimate performance of the resin.
In
6
order to understand the evolution of residual stresses in epoxy resins, it is necessary
to study the curing process as well as the physical and mechanical behavior of fully
cured epoxy resins.
The research done in this dissertation has primarily been with diglycidal
ether of bisphenol-A (DGEBA) type epoxide monomers cured with multifunctional
aliphatic and aromatic amines. For this reason the discussion on the cure behavior
and material properties of epoxy resins will focus on amine/epoxy resin systems.
The kinetics and mechanisms of the amine/epoxy curing reaction have been a well-
studied topic. Excellent reviews on the subject have been written by Rozenberg and
/others' In general, the epoxy groups are opened by amine active hydrogens in the
presence of active hydrogen compounds (HX). These compounds are usually water
or alcohols present as impurities. Depending on the nature of the epoxy and amine
curing agent, the crosslinking reaction is usually carried out at elevated
temperatures . As an epoxy prepolymer reacts with an amine curing agent, the
density increases as a result of the formation of covalent bonds between the
constituents. The volumetric shrinkage may vary from 1-7% depending on both the
nature of the epoxy/amine resin system and the curing process. The curing process
and network structure of a given epoxy/amine resin system may be modified and
controlled through the use of catalysts^.^, the variation of the system stoichiometry'^,
and the extent of cure.
A three-dimensional network is formed as the epoxy resin reacts with the
curing agent. Analysis of network formation has been performed by a number of
investigators, with excellent reviews having been written by Dusek and others^-io
A controversy exists over whether or not the network formed is homogeneous.
Heterogeneity would be the result of having regions of different crosslink density
in
the epoxy network. Numerous etchingio '^, swelling'^.n, and scattering
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experiments'-''-'^ have been performed on epoxy networks in an attempt to determine
the homogeneity of the network. The results have been interpreted by some
researchers to be evidence of heterogeneous networks, while others have cited the
same results as evidence of homogeneous network formation.
In terms of the development of internal stress in epoxy resins, the critical
point in network formation is the liquid to solid transition known as gelation. At
the gel point, a continuous network, which is characterized by having a finite
equilibrium modulus, is formed. Prior to gelation, the epoxy resin is a viscoelastic
liquid which can relieve stress by viscous flow if any free surfaces exist. After
gelation, the epoxy resin continues to react, forming a highly crosslinked solid.
Post-gelation shrinkage may result in the formation of stress in the resin.
Excellent work describing the behavior of thermosetting systems has been
done by Gilham^".^'. Using torsional braid analysis, he constructed time-
temperature-transformation (TTT) diagrams which describe the state of a curing
epoxy resin system as a function of cure time and temperature. The two important
phenomena associated with the cure of an epoxy resin are gelation and vitrification.
Vitrification is the formation of a glassy material from the liquid or rubbery state.
At moderate temperatures, an epoxy resin system will change from a liquid, to a
crosslinked rubber, and finally to a gelled glass during the cure. During these
transitions the mechanical properties of the resin change dramatically and can affect
the formation of residual stresses in the resin. The mechanical properties of curing
epoxy resin systems have been studied by Vratsanos and Farris using the technique
of impulse viscoelasticity^^. Using this technique, the gel point can be determined
by mechanical means from the definition that a solid has a finite equilibrium
shear
modulus.
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The physical properties of fully cured epoxy resins have been researched
extensively. The glass transition temperature of epoxy resins have been shown to
be highly dependent on the crosslink density23.24 a higher crosslink density results
in a higher glass transition temperature. Glass transition temperatures from sub-
ambient to well over 300°C have been obtained for epoxy resins using this
principle. Another property which affects the behavior of epoxy resins is the
absorption of moisture. A review of the literature indicates that the primary factor
associated with the uptake of moisture is the number of hydrophillic absorption sites
in the epoxy resin25.26 xhe hydrogen bonded water molecules act as plasticizers
which lower the modulus and glass transition temperature in epoxy resins.
The elastic properties of epoxy resins are highly dependent upon the state of
the resin. In the glassy region below the glass transition temperature, the elastic
properties have not been shown to be a strong function of the network structure. In
fact, contradicting evidence for the effect of crosslink density on the elastic
properties has been presented in the literature^^-^o. in general, the elastic properties
in the glassy state are attributed to the intermolecular forces rather than the crosslink
density. In the rubbery region above the glass transition temperature, however, the
epoxy resin exhibits rubber-like behavior which may be approximated by simple
rubber elasticity theory. The elastic shear modulus has been found to be dependent
upon the average molecular weight between crosslinks'^
A summary of the literature on epoxy resins indicates that the physical and
mechanical properties of epoxy resins vary tremendously during the cure. In fully
cured epoxy resins, the properties vary as a funcdon of temperature. In terms of
residual stress development in epoxy resins, knowledge of the physical and
mechanical properties during and after the curing reacuon is extremely important.
In particular, anything which causes volumetric changes in the resin may have a
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great effect on the state of internal stress in the resin, especially when the resin is
highly confined.
2.3 Residual Stresses in Epoxy Resins
The evolution of internal stress in epoxy resins has been studied by a
number of different investigators. A variety of different methods including
photoelastic^^-^^, strain gage^^ ''^, interferometry'*'*, layer removal'^^-'*^, beam
bending^'' ''2, and impulse viscoelasticity^^ have been used to measure residual
stresses in epoxy resins. The results obtained by previous investigators have varied
for a number of reasons. The primary differences result from using different resin
systems and subjecting the resins to varying degrees of dimensional constraint. An
attempt will be made to correlate the results obtained by previous researchers in
terms of material properties and boundary conditions. From these results, some
general conclusions will be presented about the formation of residual stresses in
epoxy resins.
Residual stresses develop in epoxy resins as a result of the volumetric
changes that take place during the curing process. The two phenomena causing
volumetric changes in epoxy resins are the shrinkage due to chemical reaction and
the thermal expansion or contraction due to temperature changes in the epoxy resin.
The relative contribution of chemical shrinkage and temperature changes to the final
residual stress has been the subject of debate.
It has been well established that the thermal contraction of the epoxy resin
upon cooling from the reaction temperature has a great effect on the formation of
residual stresses in epoxy resins. The difference in thermal expansion coefficients
between the epoxy resin and any material adhered to the resin leads to the formation
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of stress. In an epoxy resin free of any constraints, differential cooling of the epoxy
may lead to the formation of stress gradients in the epoxy resin, especially when the
temperature range contains the glass transition temperature. Typically for this
problem, compressive stresses will be present on the surface of the epoxy and
tensile stresses will be present on the interior. The rate of coohng affects the
magnitude of the stresses with a higher cooling rate leading to larger stresses.
The effect of the shrinkage during cure of an epoxy resin on the formation
of residual stress has been the subject of debate. Many investigators have measured
small internal stresses (a<().5 MPa) due to chemical shrinkage^^-'*2.44,48 xhese have
been deemed insignificant when compared to the magnitude of the thermal stresses
generated upon cooling (o=l-50 MPa)^^-'''''''''-'*^'^^ Since the curing epoxy resin
usually has a low modulus, it is thought that any stresses developed due to chemical
shrinkage are relieved by viscoelastic relaxation. However, in some papers
discussing the formation of residual stresses in composite materials, it is postulated
that chemical shrinkage stresses have a significant effect on the magnitude of
internal stress that is developed in the epoxy resin^^.sv-ss-ss should be noted that
in a typical fiber-reinforced epoxy composite, the resin is subjected to a high degree
of constraint by the high modulus fibers. In many composites, the resin is further
constrained by fibers which are oriented in several different directions.
The degree of dimensional constraint is an important factor when discussing
the formation of residual stresses in epoxy resins. In most applications, an epoxy
resin is adhered to some type of substrate, such as a fiber or filler particle in a
composite, the metal surface in an adhesive joint, or a surface in which the epoxy is
a protective coating. These substrates have the effect of constraining the epoxy
resin to some degree. In a coating, for instance, the epoxy resin is biaxially
constrained in the plane of the coating but is free to move in the direction
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perpendicular to the plane of the coating. Volumetric changes in the epoxy resin
associated with the curing reaction and temperature changes are inhibited by the
constraints imposed on the epoxy resin. This constraint leads to the development of
stress in the resin. The magnitude of the stress developed depends upon the degree
of constraint imposed on the resin. Larger stresses are evolved in epoxy resins
subjected to higher degrees of constraint. It may be expected that the largest
stresses would be developed in a volumetrically confined resin. Of particular
interest is a paper by Asamoah and Wood, who used photoelastic methods to
investigate the stress developed in epoxy resins subjected to restrained shrinkage^''.
In studying stress distributions arising in fiber-reinforced materials, they found that
as the packing of the fibers became very close, where the fibers were almost
touching, very large tensile residual stresses were present in the matrix material.
This is significant in that the matrix material was approaching a state of three-
dimensional constraint. Others have also studied the stress in epoxy resins
subjected to near-volumetric confinement and found the presence of large residual
stresses^2.37 However, the specific case of imposing ideal three-dimensional
constraints on a curing epoxy resin has not been invesdgated and is the subject of
this dissertation.
The magnitude of the residual stress developed is also a function of the
mechanical and physical properties of the resin. The influence of modulus, glass
transition temperature, and thermal expansion coefficient on the formadon of
residual stresses is well understood. All three properties effect the residual stress
upon cooling from the reaction temperature. Previous investigadons have
concluded that residual stresses build up as the resin is cooled below the glass
transition temperature when the modulus increases by two orders of magnitude^^-
37.40,45 Thus, a resin with a higher glass transidon temperature develops larger
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residual stresses upon cooling. It was also found that larger elastic moduli and
thermal expansion coefficients result in the formation of larger residual stresses.
2.4 Effect of Dimensional Constraints
In this section, the effects of dimensional constraint on the formation of
residual stresses in epoxy resins will be examined from a theoretical point of view.
The theory of incremental elasticity is used to investigate the simplified cases of
one-, two- and three-dimensional constraints. Analysis of the equations yields
predictions on the relative magnitude of residual stresses developed in epoxy resins
as a function of material properties and degree of dimensional constraint.
During the cure of an epoxy resin, the physical and mechanical properties of
the resin change dramatically. The resin goes from a viscous liquid to a crosslinked
rubber-like solid during the curing reaction and subsequently to a glassy material
upon cooling below the glass transition temperature. The dramatic changes in
material properties preclude the use of the general stress-strain equations of classic
linear elasticity which assume constant elastic coefficients. A way to circumvent
this problem is to use an incremental approach to linear elasticity. Using the
incremental approach the stress increment is calculated from strain increments
encountered over a time period in which the material properties are assumed to be
constant. During subsequent increments, the material properties may take on new
values. The new incremental stress state is simply the addition of all the
incremental stress values.
The total strain in a curing epoxy resin evolves from three sources: the
mechanical strain due to an applied stress, the linear shrinkage due to chemical
reaction, and the thermal expansion or contraction as a result of temperature
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changes. The general equation for an aging, linear thermoelastic material is given
by Equation 2.1.
E(T,p) [de^j - (a(T,p) dT - T(T,p) dt) ] =
(l+\)(T,p)) do^j - a)(T,p) dc^ (2.1)
where do^j = incremental stress,
dEjj = incremental strain,
E(T,p) = modulus as a function of temperature and extent of
reaction,
a(T,P) = linear thermal expansion coefficient as a function of
temperature and extent of reaction,
dT = temperature increment,
dt = time increment,
p = extent of reaction,
'C(T,p) = time rate of linear shrinkage due to reaction as a function of
temperature and extent of reaction,
v(T,p) = Poisson's ratio as a function of temperature and extent of
reaction, and
5y = Kronecker delta.
Inherent in Equation 2.1 are the following assumptions: material isotropy,
incrementally linear elastic behavior, history dependent elastic coefficients,
and no
viscoelastic behavior. Since the equations are isotropic, shear stresses
and strains
are not dependent upon dilatational phenomenon. Thus, if mechanical
strain is
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absent and the strain is totally due to dilatational phenomenon, no shear stresses or
strains would be present.
Equation 2. 1 may be modified to account for the imposition of dimensional
constraints on the curing epoxy resin. If the constraining material is assumed to be
rigid with a zero thermal expansion coefficient, the mechanical strain increment is
equal to zero. It is also assumed that perfect adhesion exists between the resin and
the constraining material. The resuldng equations for a sample subjected to one-
dimensional, two-dimensional and three-dimensional constraints is shown in
Equations 2.2-2,4, respectively.
One-Dimensional Constraints
da, , = -E(T,p) (a(T,p)dT - x(T,p)dt) (2.2)
(dG22 = d<733 = 0, dEj] = 0)
Two-Dimensional Constraints
E(T,p) (a(T,p)dT - x(T,p)dt)
^^^^dC5,,=d<522=
i.^(T,p)
(da33 = 0, dEji =de22 = 0)
Three-Dimensional Constraints
-E(T.p) (a(T,p)dT - x(T,p)dt)
do, 1 = d022 = d033 = 1 .Oi.rT ^ ^
^
l-2v(T,p)
(de,! =de22 = de33 = 0)
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The numerator in each equation remains the same while the denominator is equal to
1, l-t) and 1-2d for one-, two- and three-dimensional constraints, respectively. The
changes in the denominator, however, can have profound effects on the
development of stress in epoxy resins.
In order to simplify the discussion on the effect of dimensional constraints it
is helpful to study the chemical shrinkage and thermal expansion behavior
separately. By considering only an isothermal cure, the thermal expansion of the
epoxy resin may be neglected. Curing the epoxy resin at a temperature above the
ultimate glass transition temperature of the resin avoids the complication imposed
by vitrification of the resin. Thus, the epoxy resin will react and transform from a
viscous liquid into a highly crosslinked rubber-like material. The equilibrium
modulus of a typical epoxy resin increases after gelation from a value of zero to
approximately 20 MPa for a fully cured resin. Poisson's ratio for an epoxy resin
above its glass transition temperature is approximately 0.5, which indicates
incompressible behavior. Post-gelation shrinkage due to chemical reaction is
usually less than 2%. Using these values, the residual stress evolved in a curing
epoxy resin may be estimated. Under one-dimensional constraints, the stress
evolved must be less than the product of the final modulus and total post-gelation
percent shrinkage. Typically the tensile stress developed will be less than 0.2 MPa.
The stress due to chemical shrinkage evolved in a resin subjected to two-
dimensional constraints will simply be twice the stress evolved under one-
dimensional constraints. When compared to the large thermal stresses generated
during cooling, the shrinkage stress is almost negligible in uniaxially and biaxially
constrained epoxy resins. Under three-dimensional constraints, however, the
behavior is likely to be much different. In this case, a Poisson's ratio close to a
value of 0.5 causes the denominator in Equation 2.4 to approach zero. Even though
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the modulus of an epoxy resin in the rubbery state is small, division by a number
close to zero indicates the possibility of tremendous stress development under three-
dimensional confinement.
In this case, the effect of thermal expansion on the residual stress formation
in dimensionally constrained samples will be considered. A fully cured epoxy will
be cooled from the reaction temperature through the glass transition temperature to
room temperature. Since the epoxy resin is fully reacted, the chemical shrinkage
term in Equation 2.4 can be ignored and only the thermal contraction due to cooling
will be considered. As previously stated, both the mechanical and physical
properties of an epoxy change dramatically at the glass transition temperature. For
the purposes of this discussion the glassy material properties and the rubber-like
material properties will be assumed to be constant as a function of temperature.
The material properties for a typical epoxy resin are shown in Table 2.1.
Table 2.1 Material properties of a typical epoxy resin above and below its glass
transition temperature.
Propertv Below Tg Above Tg
Tensile Modulus (MPa) 3000 20
Shear Modulus (MPa) 1125 6.7
Bulk Modulus (MPa) 3000 1500
C.T.E. (ppm/°C) 80 200
Poisson's Ratio 0.33 0.498
For a -50°C temperature change in the glassy region, the stress developed in an
epoxy resin subjected to one-dimensional, two-dimensional and three-dimensional
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constraints will be 12 MPa, 18 MPa and 36 MPa, respectively. For a
-50°C
temperature change in the rubbery region above the glass transition temperature, the
internal stress present in a one-dimensionally constrained epoxy resin would be 0.2
MPa. In a two-dimensionally constrained sample subjected to the same temperature
change, the stress developed would be 0.4 MPa. Obviously, these stresses are
practically insignificant when compared to the magnitude of the thermal stresses
developed in the glassy region in resins under the same degree of dimensional
constraint. Under three-dimensional constraints, however, the internal stresses
developed are likely to be much more significant. In this case, as in the case of
chemical shrinkage, a value for Poisson's ratio of approximately 0.5 leads to
division by a number very close to zero. The magnitude of the stress developed is a
function of how close Poisson's ratio is to the ideal rubber value of 0.5. Table 2.2
shows the level of residual stress developed as a function of Poisson's ratio in a
three-dimensionally constrained epoxy resin subjected to a -50°C temperature
change above its glass transition temperature.
Table 2.2 Residual stress as a function of Poisson's ratio in a three-dimensionally
constrained epoxy resin subjected to a -50°C temperature change while remaining
above its glass transition temperature.
Poisson's Ratio Residual Stress (MPa)
0.48 5.0
0.49 10.0
0.495 20.0
0.499 100.0
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It is clear from the from the results shown in Table 2.2 that Poisson's ratio has a
great effect on the development of residual stress in epoxy resins subjected to
volumetric constraints. Thus, in order to predict the formation of residual stresses
in epoxy resins above their glass transition temperature, accurate values for the
Poisson's ratio of the epoxy resin are needed.
Another way of explaining the behavior of a material subjected to
volumetric constraints is by examining the mechanisms of deformation and stress
formation. When a material is subjected to stress, it may deform in either a
dilatational or distortional manner. A dilatational deformation results in a change in
volume of the material, whereas a distortional deformation is a constant volume
process resulting in a change in shape. Likewise, an arbitrary deformation of a
material results in a stress state which is composed of dilatational and deformational
stresses. The results of simple uniaxial, biaxial and triaxial stress and strain
experiments show how the deformational processes influence the behavior of a
material.
The equations necessary to describe the deformational behavior are obtained
from Hooke's law. If we assume that a material is isotropic and elastic, Hooke's law
may be written in the following form:
= 3K£kk
o.: = 2Ge.
(2.5)
(2.6)
where K = bulk modulus,
G = shear modulus,
o - = stress deviation tensor, and
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Ejj' = Strain deviation tensor.
The stress and strain may be written in the following manner;
. 1 s
(2.7)
- • 1 X
^ij ~ ^ij 3^kk"ij (2.8)
where (1/3)0^^ = mean stress at a point, and
^kk
~ change in volume per unit volume.
The deviatoric stress and strain are due to distortional phenomena and the values
(l/3)akk and e,^,^ represent the dilatational components of the stress and strain,
respectively.
For a uniaxial stress experiment the following conditions hold;
Substitution of these conditions into Equation 2.7 yields the following results;
f2 1 fl 1
^11 = dis dil (2.9)
This indicates that one-third of the total stress is due to dilatational stresses and two-
thirds is due to distortional stresses. The percentage of dilatational and distortional
strain in a uniaxial stress experiment may also be calculated. By substituting
Equations 2.5 and 2.6 into Equation 2.8 and using the results of Equation 2.9 the
following equation is derived;
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a O
£11 =
13gJ dis 19K. dil (2.10)
The distortional strain is equal to o/3G and the dilatational strain is equal to o/9K.
In this case the percentage of strain due to dilatation and distortion depends upon
the material properties of the resin. However, the stress in a uniaxial stress
experiment is always one-third dilatational and two-thirds distortional.
In order to assess the relative magnitude of the dilatational and distortional
strains, one may substitute the properties of a typical epoxy resin. Two sets of
materials properties are presented which correspond to temperatures above and
below the glass transition temperature. Above the glass transition temperature the
epoxy behaves as a rubber and Poisson's ratio is equal to one-half. Below the glass
transition temperature the epoxy is glassy and has a Poisson's ratio of one-third.
Using the bulk and shear moduli values of a typical epoxy resin as shown in Table
2.1, the percentage of strain from dilatation and distortion in a uniaxial stress
experiment may be calculated. In the glassy region 1 1% of the strain is dilatational
strain, while 89% is distortional strain. In the rubbery region the strain is 0.15%
dilatational and 99.85% distortional. Thus, in the rubbery region where Poisson's
ratio is one-half, even though one-thkd of the stress is dilatadonal, nearly all of the
strain is distortional.
Using the same procedure, the contributions of dilatational and distortional
stress and strain can be calculated for both biaxial and triaxial stress experiments.
In a biaxial stress experiment the condidons are On = = o and 033 = 0. For a
triaxial experiment, the boundary conditions are On = (Tjj = CJ33 = o. The results of
these experiments are shown in Table 2.3.
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A similar set of experiments may be analyzed in which a material is
subjected to uniaxial, biaxial and triaxial strains. For this derivation, the percentage
of distortional and dilatational strain is calculated from Equation 2.8. By
substituting Equations 2.5 and 2.6 into Equation 2.7 and using the results of
Equation 2.8, the dilatational and distortional stress can be determined. The results
are shown in Table 2.4.
Table 2.3 The percentage of dilatational and distortional stress and strain in
uniaxial, biaxial and triaxial stress experiments.
Glassy Strain Rubbery Strain
Stress Stress (v=l/3) (v==1/2)
Experiment dil dis dil dis dis
Uniaxial 1/3 2/3 1/9 8/9 0.15% 99.85%
Biaxial 2/3 1/3 1/3 2/3 0.3% 99.7%
Triaxial 1 0 1 0 100% 0%
Table 2.4 The percentage of dilatational and distortional strain and stress in
uniaxial, biaxial and triaxial strain experiments.
Glassy Stress Rubbery Stress
Strain Strain (v=l/3) (v=l/2)
Experiment dil dis dil dis dil dis
Uniaxial 1/3 2/3 2/3 1/3 99.4% 0.6%
Biaxial 2/3 1/3 8/9 1/9 99.85% 0.15%
Triaxial 1 0 1 0 100% 0%
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An analysis of Table 2.3 yields interesting results. In the uniaxial and
biaxial stress experiments, the strain is mostly a result of distortional deformations.
For a rubbery material, the strains are almost 100% distortional. In a triaxial stress
experiment, however, the strain is due entirely to dilatational deformations. The
stresses that form in one, two and three-dimensionally constrained epoxy resins are
similar to those formed in uniaxial, biaxial and triaxial stress experiments. Thus,
the change in magnitude of stresses developed in two-dimensionally versus three-
dimensionally constrained resins is due to the mode of deformation.
In the uniaxial, biaxial and triaxial strain experiments shown in Table 2.4,
the stress behavior is different. The stress is mostly composed of dilatational
stresses for each type of strain experiment. For a rubbery material, in particular, the
stresses are almost entirely due to the dilatational component. Under uniform
triaxial strain, the results are the same as when a material is subjected to a uniform
triaxial stress. In both cases, the stress and strain are due entirely to dilatational
phenomena.
In summary, the theory of incremental elasticity has predicted that the
evolution of residual stresses in epoxy resins is highly dependent upon the degree of
dimensional constraint imposed upon the resin. Under one- and two-dimensional
constraints the shrinkage stresses due to chemical reaction have been predicted to be
small. In addition, the thermal stresses generated below the glass transition are
large, while those above the glass transition temperature are insignificant. Under
volumetric constraints, both the curing stresses and the thermal stresses above and
below the glass transition temperature are expected to be significant. The
magnitude of the internal stresses formed are dependent upon the closeness of
Poisson's ratio to the incompressible value of one-half.
\
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CHAPTER 3
EVOLUTION OF RESIDUAL STRESS IN A VOLUMETRICALLY
CONFINED EPOXY RESIN
3.1 Introduction
In this chapter the results of an investigation into the evolution of residual
stresses in a volumetrically confined epoxy resin are presented. In Chapter 2, it was
predicted that large curing and thermal stresses would form in a highly confined
resin. This chapter contains experimental evidence supporting this prediction. A
technique is presented for measuring stresses incurred under volumetric
confinement. Experiments were performed on a typical epoxy/amine resin system.
The residual stress developed in the volumetrically constrained resin is measured
and the variables affecting the magnitude of the stress are investigated. Other
experimental techniques such as impulse viscoelasticity, dilatometry, and thermal
analysis are used in conjunction with the residual stress measurements in order to
gain an understanding of the failure mechanisms under three-dimensional
constraints. In addition, the bulk properties of the curing epoxy resin as a function
of cure time and temperature as well as the bulk properties of the fully cured resin
are calculated from the experimental results using the theory of incremental
elasticity. Finally, an analysis is made of the technique used to measure stress in
volumetrically confined epoxy resins.
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3.2 Materials
The epoxy resin chosen for study was Epon 828 manufactured by the Shell
Chemical Company. The resin is a diglycidal ether of bisphenol-A (DGEBA) type
resin with an epoxide equivalent weight of 190 g/mole. Polyoxypropylenetriamine
was the curing agent used in the study, which is marketed under the trade name
Jeffamine T-403 by the Texaco Chemical Company. Jeffamine T-403 has three
amine-terminated polyether arms emanating from a central initiator molecule. The
amine equivalent weight of the Jeffamine T-403 used is 78 g/mole. In Figure 3.1
the chemical structures of Epon 828 and Jeffamine T-403 are shown. This
epoxy/amine system is well known, for a number of studies on the network
formation and morphology as well as its physical and mechanical properties have
been published by a number of researchers^"^.
3.3 Experimental
In all experiments, both the epoxy resin and amine curing agent were used in
a 1.0 epoxy/amine molar ratio. Appropriate weights of each component were mixed
together with a Teflon-coated stir rod for 1-2 minutes. The mixture was then
degassed under vacuum in order to remove air entrapped during the mixing process.
A vacuum was pulled until bubbling of the entrapped air had ceased.
3.3.1 Residual Stress Measurement Technique
This section describes the apparatus and method used in measuring the
internal stresses developed in volumetrically constrained epoxy resins. The choice
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CH2[OCH2CH{CH3)]xNH2
CH3CH2CCH2[OCH2CH(CH3)]yNH2
CH2[OCH2CH(CH3)]zNH2
x+y+z=5.3
Jeffamine T-403
Figure 3.1 Chemical structure of Epon 828 and Jeffamine T-403.
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of confinement, measurement technique, data collection methods, equations, and
calibration data are all highlighted.
Initially, a method was needed to volumetrically confine the epoxy resin.
The vessel chosen to confine the resin was a simple, highly rigid cylindrical tube
with a large length/diameter (L/D) rado. Prior to geladon, the epoxy resin is a
liquid and is free to expand and contract within the tube. After gelation, however,
the epoxy resin is a solid and essentially constrains itself within the confines of the
tube. Away from the ends of the tube the epoxy resin eventually reaches a state of
three-dimensional confinement. Thus, the problem of three-dimensional constraint
occurs only when the epoxy resin is in the solid state. This simulates practical
applications of epoxy resins, such as composites and adhesives, where the resin is
cured under pressure and prior to gelation the excess resin is allowed to flow out of
the composite or adhesive joint.
In order to check the assumption of three-dimensional constraint imposed on
the resin by the tube and the resin itself, the problem was modeled using finite
element analysis. The finite element software program used was Cosmos/M,
produced by the Structural Research and Analysis Corporation. A solid cylinder
was chosen as the model. The boundary conditions imposed on the cylinder
allowed the ends of the cylinder to be free while the displacements for the rest of
the cylinder surface were set equal to zero. A stress field was generated in the solid
cylinder by imposing a -100°C temperature change on the sample. Two different
sets of material properties, correlating to an epoxy resin in the gelled rubber and
gelled glass states, were used in the analysis and are shown in Table 3.1. The stress
in the center of the tube parallel to the tube axis was calculated as a function of the
axial position to diameter (X/D) ratio for the temperature change. The reduced
stress, defined as the stress at a particular X/D ratio divided by the stress generated
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under ideal three-dimensional constraint, versus the X/D ratio is shown in Figure
3.2. Results from the finite element analysis indicate that the resin will essentially
be subjected to three-dimensional constraint at a X/D ratio of 2 in the glassy state
and a X/D ratio of 9 in the gelled rubber state. Away from the ends, the stress in
the resin is hydrostatic in nature. Therefore, shear stresses are absent in the sample.
Although the maximum hydrostatic stresses for the resin in the rubbery state are not
developed until a X/D ratio of 9, the stress developed becomes nearly hydrostatic in
nature at a X/D ratio of 3. It should be noted that the X/D ratio for three-
dimensional constraint is highly dependent upon the choice of material properties.
This is particularly true for the rubbery state where Poisson's ratio is very close to
the ideal rubber value of 0.5. Thus, the results of the finite element are only an
estimation of the X/D ratios required for three-dimensional constraint.
Table 3.1 The material properties used in the finite element calculations for an
epoxy resin in the glassy and rubbery regions.
Material Property Glassv Rubbery
Tensile Modulus (MPa) 3000 20
C.T.E. (^m/^m°C) 80 200
Poisson's Ratio 0.33 0.498
After selection of a cylindrical tube as the constraining vessel, a method of
measuring the evolution of stress in the epoxy resin was needed. The method
chosen consisted of three parts: measuring the mechanical strain of the tube surface
caused by volumetric changes in the epoxy resin, calculating the stresses on the tube
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surface from the measured strain, and calculating the stress in the epoxy resin from
the tube stress values.
Foil resistance strain gages were chosen to measure the strains on the surface
of the cylindrical tube. The gages consist of a foil grid encapsulated in polyimide
which change in resistance when strained. The strain gages used in all experiments
were purchased from Omega Engineering Inc. (HBM 120 XYll). The strain gages
consisted of two grids mounted at an angle of 90° to each other. This enabled the
strains in the hoop and longitudinal directions to be measured. A six inch length of
SS-304 tubing 3/8" in diameter with a wall thickness of 0.035" was used as the
constraining vessel. The strain gages were bonded onto the middle of the tube as
per the directions supplied by the strain gage manufacturer. Z70 adhesive was used
for experiments below 120°C; EP 310 adhesive was used for temperatures above
120°C. Both adhesives were purchased from Omega, Inc.
The Omega Handbook of Strain Analysis was consulted for strain
measurement''. The method chosen to accurately measure the strain on the tube
surface involved measuring the change in resistance of the strain gage using a
Wheatstone bridge circuit. By measuring the voltage across the bridge, slight
variations in the resistance of one of the arms of the bridge may be determined.
Another benefit of the Wheatstone bridge is that the thermal strain in the tube can
be subtracted electronically through the use of a temperature compensating strain
gage mounted onto a reference tube. Since only mechanical strains imposed on the
tube by the epoxy resin are desired, the thermal strains were subtracted by wiring a
strain gage attached to an identical tube into the proper arm of the Wheatstone
bridge circuit. In order to approximate the thermal mass of the sample, the
reference tube was filled with neat Epon 828 epoxy resin. The remaining two arms
of the Wheatstone bridge circuit were completed with insulated 120 Ohm resistors
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purchased from Omega. Using this technique, the mechanical strain imposed on the
tube by volumetric changes in the curing epoxy resin sample could be accurately
A schematic diagram of the strain measurement system, including the
Wheatstone bridge circuit, is depicted in Figure 3.3. A Watlow Micro-pro 1000
temperature controller was used to control the temperature of a tube oven to within
+/- 1°C. Signal conditioners made by Analog Devices ( model # 2B31K), in
conjunction with a 15V DC power supply, were used to measure and amplify the
voltage across the Wheatstone bridge circuit. The excitation voltage used in the
Wheatstone bridge circuit was 5 volts. The amplified analog signal was converted
to a digital signal with a Data Translation 2801 analog/digital (A/D) board. The
data was collected on an IBM AT personal computer using the LabTech Notebook
software program from Data Translation, Inc. and stored on the computers' hard
disk.
The surface strains were calculated from the voltage measurements using the
following equations obtained from the strain analysis section in the Omega Strain
Analysis catalogue;
measured.
e =
GF(H-2Vr) (3.1)
(3.2)
where Vj. = reduced voltage,
Vout = voltage output from Wheatstone bridge circuit.
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Vjr, = excitation voltage, and
GF = gage factor.
From the mechanical strains, the stresses on the surface of the steel tube were
calculated using the following equations;
EEfl,<^ = - vo,, (3.3)
EEzz = «Jzz - va^o. (3.4)
where E = steel tube modulus,
V = steel tube Poisson's ratio,
= steel tube longitudinal stress,
o^^ = steel tube tangential stress,
= steel tube longitudinal strain, and
= steel tube tangential strain.
The radial stress is equal to zero on the outer surface of the steel tube. Handbook
values for the Poisson's ratio (0.29) and tensile modulus (200 GPa) of SS-304 were
used in the calculations.
The calculated tube surface stresses were used to calculate the internal
stresses in the epoxy resin from the following cylindrical pressure vessel
calculations;
- a2)
= o„ =
" 2a2
(3.5)
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a2 (3.6)
where a. epoxy resin tangential stress,
a,
rr
epoxy resin radial stress,
zz
epoxy resin longitudinal stress.
a inner tube diameter, and
b outer tube diameter.
According to linear elastic theory, = a„ on the inner wall of the tube and the
boundary conditions imply that the stress on the inner wall is equal in magnitude to
the stress in the epoxy resin.
Three BASIC computer programs were written to manage the data and
calculate the internal stresses evolved in the samples. Copies of these programs are
shown in Appendix A. A decimation program was written in order to reduce the
large amounts of data collected. Although a temperature compensation technique
was used for the strain gages, a baseline calibration still needed to be performed.
Therefore, a program was written to correct for any baseline shifts during
temperature changes. Also, the program written to calculate the internal stress of
the sample from the measured voltages is shown.
The experimental setup was tested for accuracy by pressurizing the tube
with nitrogen gas and using the strain measurements to calculate the pressure within
the tube. The tube was capped at one end; the other end was connected to a
nitrogen gas cylinder. As the pressure was stepped up in several increments, the
calculated pressure was compared to that read off a highly accurate (±0.25%)
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Helicoid pressure gauge. The results of the pressure tests are shown in Table 3.2.
For the range of pressures studied, the calculated pressures were within 2% of the
observed gauge pressures. From these results it was decided that the strain gage
method of stress determination would be satisfactory.
Table 3.2 Comparison of calculated pressures with observed gauge pressures for
steel tube calibration run.
Observed Gauge Pressure Calculated Pressure Difference
(MPa) (MPa^ %
2.15 2.19 1.9
4.20 4.19 0.2
6.50 6.46 0.6
The following paragraph describes in detail the typical procedure used in
determining the internal stress evolved during the cure of a three-dimensionally
constrained epoxy resin. First, two six inch lengths of 3/8" SS-304 tubing were cut
and cleaned in a chromic acid bath for approximately twenty minutes. The tubes
were washed with acetone and distilled water and placed in a drying oven. Strain
gages were attached longitudinally and tangentially to the middle of each tube,
following the procedure recommended by the strain gage manufacturer. The strain
gages were then soldered into the Wheatstone bridge circuitry. A temperature
calibration was then performed on the tubes by placing the tubes in the oven and
cycling the temperature at least two times over the temperature range of the
experiment to be performed at a rate of 20-40°C per hour. The strain gaged tubes
were used only if a linear correlation between temperature and strain was obtained.
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After the temperature calibration, one end of each tube was sealed with Teflon tape
in order to keep the epoxy resin from leaking out of the tube. The temperature
compensation tube was filled with neat epoxy resin and the sample tube was filled
with the mixed and degassed epoxy/amine resin system. Care was taken to avoid
entrapment of air in the resin during the filling process by tilting the tube and very
slowly pouring the resin down the side of the tube. The filled tubes were placed
vertically in the oven; the cure schedule for that experiment was programmed into
the Watlow temperature controller. The data collection rate was set to acquire
approximately 1500 data points over the course of the experiment.
Next, the data was analyzed. If necessary, the size of the data file was
reduced using the decimation program. The data was then corrected for any thermal
effects by subtracting the baseline obtained from the temperature calibration.
Finally, the stress was calculated as a function of cure time and cure temperature
from the corrected data using Equations 3.1-3.6.
3.3.2 Impulse Viscoelastic Technique
Vratsanos and Farris developed the technique of impulse viscoelasticity to
investigate the solidification behavior of polymers^. In the case of epoxy resins, the
material properties change from those of a low viscosity liquid to a highly
crosslinked solid with an elastic modulus of up to 3 GPa. A rubber membrane
stretched around aluminum tabs is used to contain the resin in a uniaxial geometry
during the curing reaction. The properties of the curing resin are calculated from
the stress response to a arbitrary pulse deformation. An excellent description of the
theory and applications of impulse viscoelasticity may be found in Vratsanos'
thesis^.
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The impulse viscoelastic technique was used in conjunction with other
experimental techniques in order to obtain a complete picture of the mechanical
behavior of a three-dimensionally constrained epoxy resin. Using the same
procedure followed by Vratsanos, the gel time, vitrification time and equilibrium
modulus of the epoxy resin as a function of isothermal cure time for a variety of
cure temperatures were measured for the Epon 828/Jeffamine T-403 resin system.
3.3.3 Dilatometry
A dilalometer was constructed for measuring the shrinkage due to chemical
reaction. The dilatometer consisted of a 25 mL glass roundbottom flask. A glass
tube with a 1.97 mm inside diameter was attached to a ground glass stopper which
fit the flask. The glass tube was calibrated by filling the tube to different levels
with mercury and weighing. The total volume of the measuring tube was 0.6 mL.
The tube was marked off in increments for reading the volume change. A
schematic of the dilatometer used is shown in Figure 3.4.
Initially, the inside of the flask was coated with a thin layer of mineral oil in
order to prevent the epoxy resin from sticking to the glass surface. In this way the
resin would not be constrained in any way and the free shrinkage could be
measured. Approximately 10 mL of the mixed and degassed resin was weighed and
placed in the flask. Mineral oil was slowly poured over the resin to the top of the
flask. The glassware, resin and mineral oil were all preheated to the desired cure
temperature in order to reduce the time to reach temperature equilibrium. The glass
stopper, with measuring tube attached, was slowly pushed into the flask, thereby
forcing mineral oil up the tube until a tight seal was formed. The entire assembly
was then put into a constant temperature oil bath. Only the measuring tube was out
40
Calibrated Glass Tube
Glass Stopper
Roundbottom Flask
Mineral Oil
Epoxy Resin
Figure 3.4 Schematic diagram of dilatometer.
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of the oil bath. Since the volume of the oil in the tube was only 2% of the total
volume, the error induced by having the oil in the tube at a lower temperature
would be insignificant.
Measurements were taken every 5 to 10 minutes initially and at larger time
intervals as the reaction proceeded. Although preheating the equipment reduced the
time to reach thermal equilibrium, the first measurements had to be discarded due to
the thermal expansion of the resin and mineral oil. The rate of shrinkage, however,
was found to be linear until just prior to gelation. This made it simple to
extrapolate the data back to time zero using linear regression. The initial density
was calculated by weighing 10 mL of the mixed and degassed epoxy/amine resin at
the desired cure temperature just prior to the start of the shrinkage measurement.
3.3.4 Thermal Analysis
A DuPont 2910 differential scanning calorimeter (DSC) was used to
measure the glass transition temperatures of the resins used in the study. The unit
was calibrated with an indium standard and operated at a heating rate of
20°C/minute. All glass transition temperatures were determined from second
heating curves.
A DuPont model 2400 thermal mechanical analyzer (TMA) outfitted with a
thermal expansion probe was used to measure thermal expansion coefficients. The
heating rate used was 10°C/minute. The thermal expansion coefficients were
calculated from the linear regions above and below the glass transition temperature.
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3.4 Results
In this section, the residual stress evolved in a three-dimensionally
constrained epoxy resin during the cure is determined. QuaUtative evidence of large
shrinkage stresses, as well as, quantitative measurements of the contribution of
curing stresses and thermal stresses to the final residual stress in the epoxy resin are
presented. Also included are the results from a series of experiments investigating
the material properties of the curing epoxy resin.
3.4. 1 Qualitative Results
The first experiments performed revealed the severity of the problem
encountered under three-dimensional constraints as well as methods available to
control stress formation. Initially, the epoxy resin system was reacted in thick-
walled glass tubes (o.d. = 7mm, i.d. = 1mm) under isothermal conditions. A piece
of rubber tubing was attached to one end of the tube and the resin was sucked up
through the tubing using a vacuum pump. The end was then sealed by clamping
the rubber tubing. Care was taken to avoid entrapment of air in the resin. Visual
observations of the epoxy resin were made during the cure through a transparent
window in the oven.
In Figure 3.5 the fate of an epoxy resin cured isothermally at 100°C in the
thick-walled glass tube is depicted. It can be seen that cracks have formed in the
epoxy resin. These cracks formed during the isothermal cure and not during the
subsequent cooldown to room temperature. Upon cooling, however, significant
debonding of the resin from the glass tube was noticed.
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A Hitachi CCD-II video recorder was used to record the events during the
cure of the epoxy resin in a glass tube. From the video recording, photographs of
the formation of a single crack were made using a Hitachi VY-200A video color
printer.
The Epon 828/Jeffamine T-403 resin system was cured isothermally at 80°C
for this experiment. In Figure 3.6 the formation of a crack in the epoxy resin is
depicted in a series of photographs. Initially, no cracks were present in the resin.
After 35. 7 minutes a small degree of cavitation suddenly appeared in the resin.
Periodically during the experiment the resin was prodded with a small stick to check
its consistency. The resin appeared to have gelled at the point of cavitation. In
successive photographs, the crack is shown to propagate towards the tube surface.
After 40.6 minutes the crack reached the tube surface and opened into a wedge-
shaped crack. The crack then began to propagate down the tube close to the surface
of the tube. It appeared that the crack was propagating due to cohesive failure of
the resin rather than due to adhesive failure between the glass and resin. After 61
minutes, the crack ceased to propagate and was approximately 12 mm in length.
Isothermal cures of the epoxy resin in glass tubes were performed in 10°C
increments from 30°C to 120°C. Isothermal cure temperatures of 60°C and above
resulted in the formation of macroscopic cracks in the resin during the cure.
Depending on the cure temperature, the cracks began to appear soon after gelation
and continued to form for some time after gelation . Cracks propagated to the tube
surface in the manner described previously. Crack initiation occurred randomly
throughout the tube, however, the macroscopic cracks were at least 5 mm apart.
At isothermal cure temperatures of 30-50°C the formation of macroscopic
cracks did not occur in the epoxy resin. When viewed under an optical microscope,
however, the presence of microcracks with lengths up to 200 |im were noticed in
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the resin in some of the samples. Any cracks formed during the lower cure
temperatures did not propagate into macroscopic cracks as did the cracks formed at
isothermal cure temperatures above 60°C. A photograph of a microcrack formed
during a 40°C isothermal cure is shown in Figure 3.7.
Since the glass transition temperature of the fully cured Epon 828/Jeffamine
T-403 resin system is known to be approximately 90°C, it followed that the resins
cured at temperatures below 90°C were not fully cured. The resins that had been
cured isothermally at lower temperatures were then taken to complete cure by
raising the temperature at a rate of 10°C/hour to a temperature of 120°C. The tubes
were held at 120°C for 2-4 hours and allowed to cool slowly to room temperature
by turning off the oven.
In the samples that were cured isothermally at 30-50°C, followed by the
temperature ramp to 120°C, no cracks were observed in the resin. Figure 3.8 shows
an Epon 828/Jeffamine T-403 resin cured in a thick-walled glass tube for 36 hours
at 30°C, ramped to 120°C at 10°C/hour, held at 120°C for 2 hours and slowly
cooled to room temperature overnight. The resin contained no cracks and was still
bonded to the glass surface.
In Figure 3.9 a resin cured with the same cure history is shown. In this case,
however, the resin was debonded from the glass surface. The debonds are shown as
dark slivers along the inner surface of the tube. Debonds usually propagated in a
spiral pattern down the length of the tube. While debonding did not occur in all
samples, it could be induced by continued cooling below room temperature. All
samples could be induced to debond by lowering the temperature to 0°C.
In samples cured isothermally at 60°C and subsequently ramped up to
120°C, the cracks closed during the heating due to the thermal expansion of the
resin. In most cases, the cracks re-opened during cooling. However, sometimes the
47
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cracks remained closed. Upon cooling, the resins would debond from the tube
surface. In samples initially cured isothermally at 30-50°C, any cracks formed
during the isothermal cure did not reopen after the heating and cooling cycle.
3.4.2 Quantitative Stress Measurements
Using the strain gage technique described in the experimental section, the
evolution of residual stress in a three-dimensionally constrained epoxy resin was
measured under a number of different curing conditions. Initially, the isothermal
cure stress was measured as a function of cure temperature. At temperatures above
70°C, however, the resins failed very soon after gelation; virtually no stress was
measured. A further complication at the elevated cure temperatures was an
exotherm associated with the reaction which caused differential heating of the
sample tube and reference tube. For example, a 12°C rise in temperature was
measured in the resin during a 90°C isothermal cure due to the reaction exotherm.
At lower temperatures, however, the rate of reaction is much lower and the heat
evolution is at a much slower rate. The sample can effectively remove this excess
heat, keeping the sample essentially isothermal.
In Figure 3.10 the internal stress developed in the resin is shown for
temperatures from 30-60°C. Hydrostatic tensile stresses develop in the resin as the
curing reaction proceeds. At 60°C a hydrostatic tensile stress of 2.7 MPa is formed
before failure occurs. Failure may occur by the formation of a macroscopic crack in
the resin or debonding of the resin from the tube surface. Failure did not occur in
the resin at the other cure temperatures. A final hydrostatic tensile stress of 12
MPa, 10 MPa, and 7 MPa developed in the epoxy resin at isothermal cure
temperatures of 50°C, 40°C, and 30°C, respectively. The time for the onset of
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stress evolution in the three-dimensionally constrained samples increased as the
isothermal cure temperature decreased.
In Figure 3.1 1 the stress evolved in a a three-dimensionally constrained
sample for a complete curing cycle is shown. The cure schedule followed is shown
by the temperature profile on the graph: a 36 hour isothermal cure at 30°C; a
10°C/hour temperature ramp to 1 10°C; a 4 hour hold at 1 10°C; and a 20°C/hour
ramp to room temperature. The hydrostatic tensile stress began increasing after 16
hours of isothermal cure at 30°C. At the end of the 36 hour isothermal cure, the
stress had increased to 7 MPa. As the temperature was slowly increased, the tensile
stress decreased and the resin eventually went into a state of hydrostatic
compression. At the end of the temperature ramp, the epoxy resin was under a
hydrostatic compression of 32 MPa. During the temperature ramp, a distinct
change in slope occurred at a temperature of 40°C and a stress of zero. The
compressive stress decreased to 30 MPa during the 4 hour hold at 1 10°C. Upon
cooling, the resin went from a state of hydrostatic compression to a state of
hydrostatic tension. At 30°C the resin is under a hydrostatic tensile stress of 21
MPa.
In Figures 3.12 and 3.13 the residual stress developed in epoxy resins during
40°C and 50°C isothermal cures are shown, respectively. The cure schedules were
of the same type as used previously. That is, after a low temperature isothermal
cure, the temperature was ramped at 10°C/hour to 1 10°C to completely cure the
epoxy resin. The stress developed in the resin shows the same type of behavior as
in the cure at 30°C. The only differences are in the magnitude of the stress
developed and the cure time required for the development of stress in the resin.
With increasing isothermal cure temperature the isothermal stress developed in the
epoxy resin increased, the compressive stress at the end of the temperature ramp
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decreased and the tensile stress developed upon cooling increased. In the epoxy
resin initially cured at 4()°C, the resin debonded from the tube surface upon cooling
at a tensile stress of 22 MPa and a temperature of 38°C. In the resin cured initially
at 5()°C, the resin debonded from the tube surface at a stress of 31 MPa and at a
temperature of 41°C.
In addition to cure schedules consisting of a long isothermal cure followed
by a ramped cure, cure schedules in which the temperature was only ramped were
attempted. Three different heating rates were examined; 10°C/hour, 5°C/hour and
l°C/h()ur. In Figure 3.14 the results for the resin heated at 10°C/hour after an initial
3 hour hold at 30°C are shown. The stress began increasing at a temperature of
63°C and the resin failed at a tensile stress of 1 .2 MPa and a temperature of 72°C.
The results for the 5°C/hour cure are shown in Figure 3.15. The stress began
increasing at a temperature of 50°C, with the resin failing at a temperature of 63°C
and a tensile stress of 3 MPa. In Figure 3.16 the results of the l°C/hour temperature
ramp are shown. The stress began increasing at a temperature of 40°C and reached
a maximum of 8 MPa at a temperature of 50°C. A gradual reduction in stress
occurred with the resin becoming stress-free at a temperature of 75°C. At the end
of the temperature ramp, the epoxy resin was under a compressive stress of 24 MPa.
Upon cooling the epoxy debonded from the tube surface at a tensile stress of 27
MPa and at a temperature of 35°C.
3.4.3 Material Properties
A series of experiments were performed in which the cure shrinkage,
equilibrium modulus, and three-dimensional cure stress were measured
simultaneously on the Epon 828/Jeffamine T-403 resin system. The simultaneous
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experiments were performed at isothermal cure temperatures of 40°C, 50°C, and
60°C. The cure shrinkage was measured using the dilatometer described in section
3.3.3. The equilibrium tensile modulus was determined by impulse viscoelasticity;
the cure stress was measured with the strain gage technique described eariier. A
large batch of the epoxy/amine resin was mixed and degassed for use in all three
experiments. The cure stress, cure shrinkage, and impulse viscoelasticity
experiments were all initiated within 5 minutes of each other; the temperature was
within ±0.5°C in all temperature chambers as checked with a hand-held
thermocouple.
The isothermal cure shrinkage results are presented in Figure 3.17. After
1400 minutes the volumetric shrinkage was 6.4%, 6.1%, and 5.2% for the 60°C,
50°C, and 40°C isothermal cures, respectively. In all cases, the rate of shrinkage
was initially linear. The rate of shrinkage slowed, eventually became negligible as
time passed. Higher isothermal cure temperatures resulted in higher initial rates of
shrinkage as well as more overall shrinkage.
In Figure 3.18 the equilibrium modulus is plotted on a log scale versus the
isothermal cure time. The onset of gelation, as defined by a finite equilibrium
modulus, occurs earlier with increasing cure temperatures. The general shape of the
curve is the same for all cure temperatures. However, the equilibrium modulus
increases at a greater rate with increasing cure temperatures. Another phenomena
which occurs during the cure, is vitrification. Vitrification is characterized by a
tremendous increase in modulus as the epoxy resin becomes glassy in nature.
The internal stress developed in the epoxy resin under three-dimensional
constraints is shown in Figure 3.19 as a function of isothermal cure temperature. At
a cure temperature of 60°C, failure occurs in the resin at a hydrostatic tensile stress
of 2.7 MPa after 230 minutes of cure time. In the epoxy resin cured at 50°C, the
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tensile stress begins developing after 240 minutes of cure, increasing to a value of
12 MPa after 1400 minutes of cure time. At the 40°C cure temperature, the stress
begins increasing after 500 minutes, increasing to 9 MPa after 1500 minutes.
The mechanical properties of the fully cured epoxy resin were determined
from typical stress-strain tensile experiments. Sheets of resin 3 mm thick were
made by curing the resin in Teflon coated molds. The epoxy resins were cured with
both 1 10°C and 40°C isothermal cures. Each isothermal cure was followed by a
temperature ramp to 1 10°C. No significant difference in mechanical properties was
found between the samples cured with different cure schedules. Poisson's ratio was
determined from tensile tests using strain gages. The absolute ratio of the
transverse strain to the longitudinal strain was taken as the value of Poisson's ratio.
Table 3.3 shows the results of the mechanical testing.
Table 3.3 Tensile modulus and Poisson's ratio of the fully cured Epon
828/Jeffamine T-403 resin system at selected temperatures.
Temperature (°C) Tensile Modulus (GPa) Poisson's Ratio
20 3.0 ±0.1 0.33 ±0.01
55 2.6 ±0.1 0.36 ±0.01
The thermal properties of the resin system were also determined. From
DSC measurements the glass transition temperature was determined to be 92°C;
from TMA it was determined to be 90°C. The linear thermal expansion coefficient
was measured to be 82.4 \im/m°C below the glass transition temperature and 200.0
um/m°C above the glass transition temperature.
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3.5 Discussion
In this section the results from the previous section will be discussed. A
discussion on the evolution of stress during the cure focuses on the thermal and cure
shrinkage contributions to the residual stress. Also, two modes of failure in the
resin are examined and failure criteria are established. Incremental elasticity theory
is used to determine the bulk properties of the curing epoxy resin. Finally, the
accuracy and limitations of the experimental strain-gaged tube technique is
discussed.
3.5.1 Evolution of Cure Stresses
The discussion will begin with the evolution of stress due to the shrinkage
associated with the curing reaction. As seen in Figure 3.10, the stress developed in
an epoxy resin cured under three-dimensional constraints can be significant. During
a 50°C isothermal cure, the resin develops a 12 MPa hydrostatic tensile stress due
to the curing reaction. This residual stress is equal to roughly 20% of the tensile
strength of the fully cured resin. At isothermal cure temperatures of 60°C and
above, the epoxy resin forms macroscopic cracks during the curing reaction. This is
in sharp contrast to the stresses developed in less constrained epoxy resins.
In Figure 3.20 the cure stress developed in a one-dimensionally constrained
sample of the same resin system cured isothermally at 90°C is shown. The stress
was measured using the impulse viscoelastic technique developed by Vratsanos and
Farris^. Under three-dimensional constraints the epoxy resin cavitates due to the
cure stress at 90°C, while under one-dimensional constraints a miniscule tensile
stress of 0. 15 MPa is formed. If the epoxy resin was able to withstand the shrinkage
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stresses incurred under three-dimensional constraints during a 90°C isothermal cure,
the stresses formed would be at least two orders of magnitude greater than those
formed in the epoxy resin subjected to one-dimensional constraints. The stress due
to chemical reaction evolved in other epoxy/amine resin systems subjected to two-
dimensional constraints has also been shown by other investigators to be less than 1
MPa^.s.
Stress formation in the curing epoxy resin occurred after gelation of the
epoxy resin. Prior to gelation, the epoxy resin was a liquid and could relieve stress
by viscous flow within the tube. After gelation, the resin is essentially three-
dimensionally constrained within the steel tube. The important criteria, therefore,
are the post-gelation shrinkage and the mechanical properties of the resin after
gelation.
In Figure 3.17 the volumetric shrinkage at the various isothermal cure
temperatures is shown. The time to gelation was determined from impulse
viscoelasticity measurements. The gel point is shown in Figure 3.18 as the point at
which an equilibrium modulus is measured. Most of the shrinkage occurs in the
liquid region, however, a significant amount of shrinkage occurs after gelation. In
Table 3.4 the shrinkage properties of the epoxy resin are presented in terms of the
state of cure of the epoxy resin.
The state of epoxy resins during the cure has been studied extensively by
Gilham^. At the isothermal cure temperatures used for this resin system, the state of
the epoxy resin progresses from a liquid, to a sol/gel rubber, and finally a vitrified
glass. After gelation the epoxy resin continues crosslinking, however, the rate of
reaction slows as the degree of crossHnking increases. Eventually the material
reaches the vitrification point and the reactions become diffusion controlled.
Finally, the material becomes glassy and the reactions are quenched.
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Table 3.4 Shrinkage of the Epon 828/Jeffamine T-403 resin system in the liquid,
gel and vitrified regions.
Cure Temperature
Shrinkage {%\ 40°C 50°C 60°C
Liquid 3.6 4.0 4.2
Gel 1.1 1.2 1.3
Vitrified 0.5 0.9 0.9
Total 5.2 6.1 6.4
The vitrification point was determined for the curing epoxy resin using the
technique of impulse viscoelasticity. The vitrification point was defined as the peak
in the tan delta data as a function of cure time. An example of the tan delta data
used to calculate the vitrification point is shown in Figure 3.21. The data shown is
for a 50°C isothermal cure. The equilibrium modulus of the resin at the vitrification
point was 5 MPa. As the resin continued to vitrify, the equilibrium modulus
increased to over 1 GPa. Even though the vitrification point was defined as the
peak in tan delta, the material was not glassy in nature. In fact, with an equilibrium
modulus of only 5 MPa, the epoxy had a modulus lower than many rubbers. This
behavior is not unlike the change in the mechanical behavior of an epoxy resin as
the temperature is changed through the glass transition region. During a
temperature sweep, the elastic modulus at the peak in tan delta can be an order of
magnitude or more lower than the modulus in the glassy region.
From the results of the simultaneous experiments in which the stress,
shrinkage, and equilibrium modulus of a curing epoxy resin were determined, the
amount of stress developed due to shrinkage in the sol/gel rubber and vitrified
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regions can be obtained. At both the 40°C and 50°C isothermal cure temperatures,
approximately 31% of the stress is formed as the resin contracts due to crosslinking
reactions in the sol/gel rubber region. However, most of the stress is evolved from
shrinkage after the vitrification point.
Using the results of impulse viscoelasticity measurements, a time-
temperature-transformation diagram was constructed. The diagram is shown in
Figure 3.22. Only the gelation and vitrification curves were determined. Since the
gelation and vitrification points are important events in the evolution of residual
stresses in volumetrically confined epoxy resins, TTT diagrams are useful in
providing this type of information.
After the initial isothermal cure, the epoxy resins were driven to complete
cure by increasing the temperature in a linear ramp to above their ultimate glass
transition temperature. As a result of the increasing temperature, two competing
phenomena were occurring. The resin was expanding due to thermal expansion and
it was also contracting due to further chemical reactions. Since the epoxy resin was
driven into a state of compression, thermal expansion was obviously the greater
effect.
In order to analyze the behavior of the epoxy resin under these conditions, it
is helpful to view the data in a stress-temperature plot. The data from Figure 3.1 1 is
plotted in Figure 3.23 in a stress versus temperature form. After 36 hours at 30°C,
the hydrostatic tensile stress had risen to 7 MPa. At the start of the temperature
ramp, the stress begins to decrease, with the resin being stress-free at a temperature
of 39°C. It is at this temperature that a distinct change in slope occurs in the stress-
temperature curve. The results of other researchers indicate that the glass transition
temperature of an epoxy resin can be well above the isothermal cure temperature
due to diffusion controlled crosslinking reactions occurring during the vitrification
71
(O) ejniBjedujei
O
oo
00
o
W
•s
O
o
C/3
ti
I
a
P.
6
I
D
B
H
<N
ro
72
73
process'^l It is at this point that the transition to a rubbery material occurs.
Consequently, the rate of chemical reaction increases due to the increased mobility
of the polymer chains. The slope of the stress-temperature curve decreases, which
suggests that the shrinkage due to reaction is offsetting the thermal expansion
associated with the increase in temperature. At 90°C, the slope once again begins to
increase, which suggests that the rate of chemical reaction was slowing. During the
four hour hold at 1 10°C, the compressive stress decreases by 2 MPa. This decrease
is likely a result of further shrinkage due to chemical reaction, or possibly
volumetric relaxation phenomena.
In Figure 3.24 the results from a cycled cure are shown. The resin was
cured at 40°C for 20 hours, heated to 60°C. cooled back to 40°C, heated to 80°C,
cooled to 40°C, heated to 100°C, and finally cooled to 30°C. All heating and
cooling rates were at 10°C/minute. The hydrostatic tensile stress developed in the
resin after the initial isothermal cure was 1 1 MPa. After the first heating/cooling
cycle, the stress had increased to 15 MPa. The increase in stress is due to further
shrinkage from crosslinking reactions. The stress increased to 19 MPa after the
second heating/cooling cycle. During the last heating/cooling cycle, the stress
increase at 40°C was only 1 MPa, suggests that only a little more shrinkage due to
chemical reaction had occurred.
A factor that must be acknowledged as the resin is being driven into
compression is the compressibility of the epoxy resin. During this time the epoxy is
in a rubber-like state and the compressibility of rubbers is known to be greatly
affected by the presence of voids. For example, a void concentration of 0.1% will
lower the bulk modulus of a fully cured epoxy resin in the rubbery state by 17%.
However, in the glassy state a 0.1% void content will lower the bulk modulus by
only 0.2%. The theory of voided samples will be presented in Chapter 5.
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Experimentally, the thermal expansion of the epoxy resin during the temperature
ramp will collapse the voids. After the voids have been collapsed, they no longer
affect the bulk modulus of the rubbery epoxy.
Upon cooling, the stress generated in the epoxy resin is entirely from
thermal effects. The most significant result of the cooling results is the lack of a
transition as the epoxy is cooled through the glass transition temperature region.
Even though the thermal and tensile mechanical properties of the epoxy resin have
been shown to change dramatically as the resin is cooled through the transition
region, the slope of the stress-temperature curve remains constant. Since the
thermal stress generated in a volumetrically constrained material is the product of
the bulk modulus and the bulk thermal expansion coefficient, the product of these
values would have to be a constant in the epoxy resin for this behavior to occur.
The behavior of an epoxy resin under three-dimensional constraints is much
different than that of resins subjected to one- or two-dimensional constraints. In
Figure 3.25 the thermal stress generated in epoxy resins subjected to one-
dimensional and three-dimensional constraints is shown as the resins are cooled
down from 1 10°C, through the glass transition temperature, to room temperature.
The one-dimensional stress in a ribbon sample was measured using the constant
length apparatus on the DuPont 2400 TMA .
The results shown in Figure 3.25 agree with the theoretical predictions of
Equations 2.2 and 2.4. The stress developed under one-dimensional constraints is
negligible above the glass transition temperature. In the linear region below the
glass transition temperature, the ratio of stress developed under three-dimensional
constraints to that developed under one-dimensional constraints is 3.1. If the
difference between the thermal expansion coefficients of the steel used in the three-
dimensional experiment and the quartz glass used in the one-dimensional
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experiment is factored in, tlte ratio is 3.3. The ratio should be 3 according to linear
elastic theory.
From the resuhs presented it is obvious that the cure schedule has a great
effect on the magnitude of the residual stress formed in the volumetrically confined
epoxy resin. In the extreme case, cavitation of the material occurs at high
temperature isothermal cures, as shown in Figure 3.6. By using low temperature
isothermal cures, followed by temperature ramps to elevated temperatures, the
residual stress can be significantly reduced. In Figure 3.26 the data from Figures
3.1 1-3.13 is plotted in the stress versus temperature format. By lowering the
isothermal cure temperature, the stress developed initially during the isothermal
cure as well as the final residual stress after compledon of the cure is reduced.
The necessity of an extended low temperature cure is shown from the results
of the strictly ramped cures shown in Figures 3.14-3.16. At higher rates of
temperature increase, the epoxy resin still failed due to the evolution of hydrostatic
tensile stresses. These results suggest that the rate of shrinkage due to chemical
reaction was higher than the volumetric expansion of the resin due to thermal
expansion. At a rate of l°C/hour, the resin was able to withstand the tensile stresses
developed due to cure shrinkage.
The drawback of using lower temperatures for the inidal isothermal cure, or
low ramp rates in strictly ramped cures, is the great length of dme needed for the
crosslinking reacdon. A general rule of epoxy resin chemistry is that the rate of
reaction doubles for every 10°C increase in reaction temperature. Thus at lower
cure temperatures, the length of time needed to gel and vitrify the epoxy resin can
be quite long. In commercial applications where short cure times are desired,
prolonged isothermal cures may not be practical. However, in applications where
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strength is the most important property, the reduction of cure stresses through cure
schedule modification may be necessary.
The cure schedule has much less effect on residual stress formation in less
constrained systems. Once the resin is taken above its glass transition temperature,
nearly all of the stress will be relieved by viscoelastic relaxation. It should be noted
that viscoelastic relaxation occurs by distortional processes which cannot occur in a
volumetrically confined material. Only the cooling process can affect the
magnitude of stress formation. It should also be mentioned that the cure schedule is
still important for other reasons, such as controlling exotherms and degradation.
3.5.2 Failure Analysis
Two types of failure occurred during the cure of an epoxy resin under three-
dimensional constraints. As seen in Figure 3.6, one mode of failure was the
formation of a macroscopic crack. The other mode of failure was an adhesive type
of failure indicated by debonding of the resin from the tube surface as seen in
Figure 3.9.
Visual observations of failure modes were made in the epoxy samples
cured in glass tubes. However, this gave no indication of the stress level at which
the failure occurred. The strain gage method was not used with glass tubes due to
the fact that thin tubes are necessary to obtain measurable strain values, and thin
glass tubes filled with a solid epoxy resin shatter during temperature changes. With
the steel tubes a visual observation could not be made of failure during the
experiment. From the strain measurement, however, it was obvious when
catastrophic failure had occurred. Catastrophic failure, such as the formation of a
large crack as shown in Figure 3.6, was oftentimes indicated by a sharp jump in the
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voltage output from the Wheatstone bridge circuit. The tubes were cut open after
the experiment and inspected for the different failure modes.
The presence of a single macroscopic crack or debond removes the
condition of three-dimensional constraint on the resin. Therefore, the equations
used to calculate the stress are no longer valid. At a distance away from the debond
or cavitation, however, the resin is once again under three-dimensional constraints.
This is analogous to the condition at the end of the tube where the stress becomes
three-dimensional at a distance of two tube diameters from the end of the tube. A
failure directly beneath the strain gages will cause an immediate change, whereas a
failure away from the gages may cause little or no disturbance in the voltage output.
If the values calculated for the longitudinal and tangential stresses in the resin
obtained from Equations 3.5-3.6 differed by more than 10%, the run was discarded.
A difference in stresses suggested that a failure in the resin had caused the stress
field to become non-hydrostatic in nature.
The presence of numerous microcracks in the resin does not necessarily
remove the condition of three-dimensional constraint. However, it does change the
way in which the problem should be analyzed. If the microcracks are assumed to be
spread uniformly throughout the tube, the problem can be examined using
composite theory. The stress measured is the average stress in the epoxy resin.
Around microcracks there is a non-uniform stress field, but since the volume
concentration of voids is small, the stress measured is a good measure of the
average stress in the epoxy resin. The theory of composites as it relates to the
problem of three-dimensional constraints is discussed in Chapter 5.
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3.5 .2. 1 Cavitation Failure
An attempt will be made to explain the cavitation failure of the epoxy resin
(luring the isothermal curing reaction. From the isothermal cure results shown in
Figures 3.10, it is evident that failure is dependent on the cure temperature. At cure
temperatures of 60°C and above, cavitation leads to the formation of macroscopic
cracks in the volumetrically confined epoxy resin. At cure temperatures of 50°C
and below, cavitation occurs in the epoxy resin but does not lead to catastrophic
failure.
A theory on the cavitation of rubber materials has been presented by Oberth
and Bruenner'2. They used experimental results of uniaxial tensile tests of molded
rubber bars containing a rigid spherical inclusions. A triaxial stress state is formed
at two points around the inclusion in the direction of the applied stress. At a critical
applied stress, the rubber will cavitate in the regions of triaxial tensile stress. It was
found that the rubber will cavitate under a hydrostatic tensile stress approximately
equal to its equilibrium tensile modulus.
Using the results of the simultaneous experiments performed in Section
3.4.3, the cure stress and equilibrium modulus were plotted as a function of cure
time. The results for a 40°C isothermal cure are shown in Figure 3.27. The cure
stress and equilibrium modulus are essentially equal until a cure time of 700
minutes. The stress and equilibrium modulus at this point was approximately 2.25
MPa. After this point, the equilibrium modulus increases at a much greater rate
than the cure stress. This is close to the vitrification point, which was determined to
be 720 minutes. In Figure 3.28 the results for a 50°C isothermal cure are shown.
The behavior is similar in that the cure stress and equilibrium modulus are
essentially equal until the onset of vitrification, at which time the equilibrium
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modulus increases at a much faster rate. During the 50°C isothermal cure, the cure
stress and equilibrium modulus remain equal until a level of 3 MPa.
According to the theory of Oberth and Bruenner, the epoxy resin should
cavitate during this period when the cure stress and equilibrium modulus are equal.
As shown in Figure 3.7, cavitations were sometimes seen in the epoxy resin. It
could also be that the cavitations were so small that they were not easily detected
with the optical microscope. Since the cure stress and equilibrium modulus remain
essentially equal until the vitrification point, one could surmise that cavitation is a
method of relieving the stress developed during the curing reaction. Cavitation
occurs in the resin to the extent necessary to lower the average stress in the resin to
the level of the equilibrium modulus.
An experiment was performed which exemplified the stress relieving
mechanism of cavitation. The epoxy was cured isothermally in a glass tube at 50°C
for 5 hours. At this point the resin was a soft rubber. A visual observation of the
resin indicated that no large cracks had formed in the resin. The tube was then
removed from the oven and examined under an optical microscope. As the tube
cooled, cavities formed throughout the resin. Cavitation occurred to relieve the
tensile stresses developed as the resin was cooled from 50°C to room temperature.
An estimate of the amount of stress relieved in the epoxy resin by cavitation
can be made from the shrinkage results shown previously in Table 3.4. If one
assumes a constant bulk modulus of 1500 MPa for the epoxy resin during the entire
isothermal cure, multiplication of this value by a volumetric shrinkage of 1.6% for
the 40°C isothermal cure yields a hydrostatic tensile stress of 24 MPa. Thus, the
stress is theoretically reduced 58% by cavitation.
The cavitation of the resin is likely related to the presence of nucleation sites
in the resin. The presence of dissolved gases or impurities can act as nucleation
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sites for the formation of a cavity. Although an effort was made to remove gases
and impurities from the epoxy resin, it would be beyond the capabilities of this lab
to remove all of the dissolved gases and impurities present.
The growth of a microcrack into a crack large enough to reach the surface
and cause debonding from the tube surface is a very complex problem. A few
researchers have studied the cohesive fracture of epoxy/amine resins above their
glass transition region'^.H. it has been found that the fracture energy increases with
increasing rate and decreasing temperature. Also, through variation in the
amine/epoxy ratio, the same researchers found that the fracture energy increases
with increasing molecular weight between crosslinks. All of their experiments,
however, were performed on fully cured resins using known geometries. In this
study the resin was reacting, which results in continually changing mechanical and
physical properties, as the crack forms and propagates. Also, the stress field around
a particular crack cannot be defined. As a result of these complications, it would be
very difficult to fully analyze the propagation of a crack in a highly constrained
system that has material properties changing with time.
A number of factors are likely to influence the formation of a macroscopic
crack at elevated cure temperatures. The rates of shrinkage and stress development
are increased at elevated temperatures. This could lead to crack propagation. Since
vitrification of the resin causes crack propagation to cease, the amount of stress
generated before the onset of vitrification could also affect the propagation of a
crack. Experiments have shown that vitrification occurs at higher stress levels with
increasing cure temperatures. Any one, or a combination of these phenomena,
could be responsible for the growth of a catastrophic crack in the volumetrically
constrained epoxy resin.
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3.5.2.2 Debonding
Upon cooling from the uppermost reaction temperature, the epoxy resin
develops tremendous hydrostatic tensile stresses. The mode of failure in these cases
is debonding from the tube surface. From the literature, the shear strength of
steel/epoxy lap joints has been found to be in the range of 30 MPa'^. Most of the
failures in the Epon 828/Jeffamine T-403 resin system cured under three-
dimensional constraints occurred at tensile stresses between 20 MPa and 32 MPa.
The variation is likely due to presence of defects or particles on the tube surface or
in the resin which can act as stress concentrators. From visual observations in glass
tubes it was found that once a debond occurs it rapidly propagates down the tube
due to the high state of stress in the resin. A debond typically started near the end
of the tube where large shear stresses existed in the resin. An absence of shear
stresses in the volumetrically confined area of the inner tube hindered the formation
of the initial debond in this area.
The tube preparation consisted of making a clean dry surface for the epoxy
to adhere. No attempt was made to treat the surface with coupling agents in order
to increase the adhesion strength of the epoxy resin to the steel tube.
3.5.3 Bulk Properties
In the formation of residual stresses in volumetrically confined resins,
the most important properties are those which describe the bulk behavior of the
epoxy resin. As discussed in Chapter 2, the stress evolved during the cure and from
thermal effects in a volumetrically confined epoxy resin is due entirely to
dilatational stresses and strains. Thus, shear stresses and strains are nonexistent in
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this type of problem. The two properties which have the greatest effect on the
magnitude of stress developed in a volumetrically confined epoxy resin are the
Poisson's ratio and bulk modulus. From the results obtained during the cure stress,
impulse viscoelastic, cure shrinkage, and thermal expansion experiments, the
Poisson's ratio and bulk modulus can be determined using the equations of
incremental elasticity.
The Poisson's ratio of the curing epoxy resin during an isothermal curing
reaction can be determined as a function of cure time using Equation 2.4. If one
assumes both a constant temperature and that the equilibrium modulus and Poisson's
ratio are functions of cure time. Equation 2.4 can be rewritten in the following
form:
v(t) =— + 2 (3.7)
Solutions for the differentials must be obtained in order to solve Equation 3.7 for
Poisson's ratio. The shrinkage rate ,x, was obtained by fitting a fifth order
polynomial to the shrinkage data. The polynomial was then differentiated with
respect to time. Only the data obtained after gelation was used in the calculations.
The same technique was used to get an expression for the stress derivative.
Poisson's ratio was calculated by substituting different time values into Equation
3.7. Due to the difficulty involved in trying to fit an equation to the equilibrium
modulus versus time curve, the value of the equilibrium modulus at the chosen
times was obtained by interpolating the equilibrium modulus data.
In Figure 3.29, Poisson's ratio as a function of cure time for 40°C and 50°C
isothermal cures is presented. The results are only calculated during the post-
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gelation region. As expected, the value of Poisson's ratio is very close to the ideal
rubber value of 0.5. Poisson's ratio slowly decreases with increasing reaction. As
vitrification begins, Poisson's ratio begins to decrease at a much faster rate. It is
interesting to note that at the vitrification point, as defined by the peak in tan delta
from impulse viscoelasticity measurements, the value of Poisson's ratio is stiU close
to the ideal rubber value of 0.5. For the 40°C isothermal cure the value of Poisson's
ratio is 0.499 at the vitrification point; for the 50°C cure the value of Poisson's ratio
is 0.498.
The scatter in the data increases as the material becomes glassy due to error
in the equilibrium modulus determination. As the material vitrifies, the relaxation
times increase and the stress put on the sample by the impulse deformation does not
have time to fully relax. This leads to a large amount of scatter in the equilibrium
modulus values as the epoxy resin becomes glassy. Also, during vitrification the
shrinkage rate decreases towards zero as the reaction proceeds. This leads to errors
in the calculation of Poisson's ratio at long times. The most accurate values of
Poisson's ratio are measured during the period from gelation, until just after the
vitrification point. The trend of Poisson's ratio is correct as the value for the fully
cured epoxy at a temperature of 55°C is 0.36.
The bulk modulus of the curing epoxy resin can be calculated from a plot of
the cure stress developed under three-dimensional constraints versus the cure
shrinkage. The bulk modulus is the slope of the curve. In Figure 3.30 the results
are shown for isothermal cures at 40°C and 50°C . The results are generally
expected in that the slope of the curve increases as the reaction proceeds and the
material becomes glassy. Just after gelation, however, the slope of the curve is
small indicating a small bulk modulus. A possible explanation of this behavior is
voids in the resin resulting from the formation of microcracks. As the epoxy
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vitrifies and becomes glassy in nature, the affect of a small void content becomes
negligible.
This method of bulk modulus determination is different from the methods
usually applied. In a typical experiment to determine the bulk modulus, the
material is placed under hydrostatic pressure, with the resulting decrease in volume
being measured. Thus, any voids present in the rubber will be filled as the
hydrostatic pressure is increased and the true bulk modulus can be obtained. In the
method used here, however, the material is under hydrostatic tension and any voids
present will continue to expand.
The bulk modulus of the fully cured epoxy resin was determined from both
the slope of the stress-temperature curve during the cooldown to room temperature
and from thermal expansion measurements. Equation 3.8 was used to calculate the
bulk modulus of the Epon 828/Jeffamine T-4()3 resin system. The bulk modulus
values determined with Equation 3.8 were compared to the bulk modulus values
obtained with Equation 3.9, which was derived from classic linear elasticity theory.
The results are presented in Table 3.5 for several different temperatures.
da
_
dT
= 3(a, - a,) (3-8)
where Kjj = bulk modulus calculated under three-dimensional confinement,
Kg, = bulk modulus calculated from elastic theory,
= linear thermal expansion coefficient of steel (11 ppm/°C), and
92
tte = linear thermal expansion coefficient of epoxy.
Table 3.5 Bulk modulus of the Epon 828/Jeffamine T-403 resin system calculated
from experimental results at several different temperatures.
Ket (GPa) K3d rOPa^
2.9 ± 0.3 3.3 ± 0.5
3.1 ±0.3 2.8 ±0.4
1.6 ±0.2
Good agreement was obtained for the bulk modulus values calculated with
Equations 3.8 and 3.9. In general the bulk modulus of the Epon 828/Jeffamine T-
403 system decreases with increasing temperature. This decrease is expected due to
the increase in the thermal expansion coefficient of the epoxy resin with increasing
temperatures. The error limits were calculated by estimating the relative errors
associated from the modulus, Poisson's ratio, stress, temperature, and thermal
expansion measurements.
3.5.4 Experimental Technique
The experiments performed on the curing epoxy resins are not performed
under ideal three-dimensional constraints. In the experimental technique developed,
the stress is calculated from strain measurements of the tube surface. Thus, by the
very nature of the test, the method of constraining the epoxy resin is not ideal.
Under ideal three-dimensional constraints, the constraining material would be both
Temperature (°C)
20
55
105
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perfectly rigid and have no thermal expansion. In this section, the deviation from
ideal three-dimensional constraints in the experimental technique is discussed.
The two effects which lead to non-ideal volumetric constraints are thermal
expansion of the tube and mechanical strain in the tube due to internal pressure. In
order to quantify the degree to which the system is not ideally three-dimensionally
constrained, the volume change of the region encompassed by the inner tube surface
was calculated. From Equations 3.3-3.6 the longitudinal strain in the steel tube was
calculated to be 4.104 x 10-^ (cm/cm) per MPa of internal pressure. The radial
displacement at the inner surface of the steel tube was calculated from the following
equation;
Pa
,
"a = E(b2-a2) [a2(l-2v) + b2(l+v)] (3.10)
where = radial displacement at inner tube surface, and
P = internal pressure.
The change in volume per unit volume within the tube was calculated from the
following equation;
V ~ r21 (3.11)
where Z\VA^ = change in volume per unit volume,
= inner tube radius under pressure,
If = inner tube length under pressure,
r = initial tube radius, and
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1 = unit length of tube.
The change in volume per unit volume per MPa of internal stress is equal to 5.04 x
10-5. Under ideal three-dimensional constraints a volume change would not occur
in the epoxy resin. The deviation from ideal behavior can be calculated by
determining the pressure required to change the volume of the epoxy resin by the
amount calculated. Thus, the degree to which this change in volume affects the
degree of dimensional constraint is dependent on the bulk modulus of the material.
The pressure is calculated by multiplying the change in volume per unit volume by
the bulk modulus. Consequently, a higher bulk modulus leads to a greater
percentage reduction in the degree of constraint from the ideal value. For a bulk
modulus of 3 GPa, which is typical of an epoxy resin in its glassy state, the stress
generated in the epoxy resin within the steel tube would be 87% of the stress that
would be generated under ideal volumetric constraints. The result is the same
whether the resin is under hydrostatic compression or tension. When the resin is
under hydrostatic compression, the inner tube volume will increase. Conversely,
when the resin is under hydrostatic tension, the inner tube volume will decrease. In
both cases, however, the stress evolved in the resin will be less than the case of ideal
three-dimensional constraint.
The effective decrease in degree of dimensional constraint due to thermal
expansion of the steel tube can be determined in the same manner. The increase in
volume encompassed by the tube was calculated using a thermal expansion
coefficient for steel of 1 1 ppm/°C. From the calculations the change in volume per
unit volume per °C of temperature increase was found to be 3.3 x lO'^. Therefore,
the stress evolved during temperature changes in an epoxy resin in its glassy state is
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88% of the stress that would be generated under ideal volumetric constraints. The
result is the same for both temperature increases and temperature decreases.
As a result of the steel tube not fully constraining the epoxy resin, the
magnitude of stress developed in the resin is different than if it was ideally three-
dimensionally constrained. In all cases the stress developed in the resin would
increase in magnitude under ideal three-dimensional constraints. In order to
approach the case of ideal three-dimensional constraints, either the same tube with a
larger wall thickness, or a material with both a larger elastic coefficient and lower
thermal expansion coefficient could be used. In the strain-gage technique,
developed it is necessary for the tube to deform in order to measure a surface strain.
Therefore, a balance must be struck between the closeness to an ideally constrained
system and the accuracy of the measurements desired. In the system chosen, the
strain measuring equipment is approaching the limit of accurate measurement.
With a more accurate method of strain measurement, the stress in a more ideally
confined resin could be measured.
3.6 Conclusions
This chapter details the evolution of residual stress in a typical epoxy/amine
resin system subjected to three-dimensional constraints. The formation of large
residual stresses was suspected from visual observations of cracks forming in epoxy
resins cured isothermally in thick-walled glass tubes. An in situ strain-gage
technique was developed to experimentally determine the residual stresses
developed in a volumetrically confined epoxy resin during the curing process.
Hydrostatic tensile stresses as large as 12 MPa were found to form in
volumetrically confined epoxy resins during isothermal cures. The magnitude of
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cure
the stress developed during the isothermal cures increased with increasing
temperatures. The hydrostatic stress was found to form in the post-gel region, with
most of the stress forming as the epoxy vitrified. Cavitation of the epoxy resin was
found to reduce the amount of stress developed in the epoxy resin during the
isothermal curing reaction.
The formation of residual stress was found to be highly dependent on the
cure schedule. It was found that low temperature isothermal cures, followed by
ramped cures to elevated temperatures, resulted in the reduction of residual stress in
the epoxy resin. The lowest residual stress measured in the fully cured Epon
828/Jeffamine T-403 resin system cured under volumetric constraints was a
hydrostatic tensile stress of 23 MPa. This value is approximately 35% of the tensile
strength of the resin.
Two modes of failure were found to occur in volumetrically confined epoxy
resins. Cavitation occurred in epoxy resins cured isothermally under volumetric
constraints as a result of post-gelation shrinkage. At temperatures above 60°C, the
cavities grew into macroscopic cracks which removed the condition of three-
dimensional constraint on the resin. Debonding of the epoxy resin from the
constraining surfaces was found to occur upon cooling from the uppermost reaction
temperature. This was a result of the development of hydrostatic tensile stresses of
up to 30 MPa in the resin.
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CHAPTER 4
EVOLUTION OF STRESS IN HIGH PERFORMANCE AND TOUGHENED
EPOXY RESINS
4.1 Introduction
In this chapter, the evolution of stress in high performance and toughened
epoxy resins subjected to volumetric constraints is investigated. A high
performance resin system with a glass transition temperature of over 200°C was
chosen for study. The evolution of stress was studied and conclusions about the
ability of such a system to withstand volumetric constraints are made. Also
investigated were two different types of toughened epoxy resins. A classic rubber
toughened epoxy and a novel reactive thermoplastic toughened epoxy resin
developed in our laboratory were tested with the strain-gaged tube technique
described in Chapter 2. The toughening mechanisms of these resins are reviewed
and related to the specific problem imposed by three-dimensional constraints.
4.2 Background
The use of epoxy resins in high performance composites necessitated the
development of resins with glass transition temperatures above 200°C. This was
accomplished by using aromatic curing agents and increasing the crosslink density
of the epoxy resin. A drawback of these high temperature resins is that they are
inherently brittle. The high degree of crosslinking results in a network that does not
possess the energy-relieving mechanisms necessary to relieve applied stresses. As a
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result of this brittleness, a number of methods have been tried to improve the
toughness of high performance resins. Traditionally, epoxy resins have been
toughened by the addition of reactive rubbers'. While reactive rubbers have
improved the toughness of epoxy resins, the overall properties of the epoxy resin
are reduced below the acceptable range for high performance applicadons^. Also,
the improved toughness of the neat resin has not improved the toughness of
composites and adhesives to the level desired3-5. Recendy, engineering
thermoplastics have been added to high performance resins in the attempt to
improve composite toughness^ 'i. A review of the mechanisms of rubber
toughening and thermoplastic toughening of epoxy resins will be presented in this
secdon.
Several mechanisms are involved in the rubber toughening of an epoxy
resin. These mechanisms include rubber particle cavitation 121 5^ debonding and
tearing of the rubber particle'^, and localized shear yieldingi2-i5. ^ 5^^^ shown
that the fracture energy is improved by the formadon of phase-separated rubber
particles i'^. The fracture energy of a completely miscible rubber/epoxy system has
been shown to have litde or no improvement over the neat epoxy resin. In order to
have effective rubber toughening, the modified resin must be able to dissipate the
energy in front of a crack tip. The most widely accepted theory of rubber
toughening in epoxy resins holds that interactive energy absorbing mechanisms are
involved. The toughening of the resin is believed to result from localized cavitation
of the rubber and/or the rubber/matrix interface, together with localized shear
yielding of the epoxy matrix in the region ahead of the crack dp'2.i4,i5,i8 Thus, the
properties of the rubber as well as the matrix are important in the fracture resistance
of the modified system. It has been found that matrices with lower crosslink
densities are rubber-toughened substantially more than highly crosslinked resins^-'^^
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This is due to the fact that highly crosslinked resins are not ductile enough to
undergo shear yielding.
The improved fracture toughness of rubber modified epoxy resins has not
translated into comparably tougher composites and adhesives. It can be argued that
fibers and boundary constraints limit the size of the plastic zone in front of the
cracks Limitation of the plastic zone size reduces the energy absorption ability of
the matrix. Also, the ability of a rubber toughened epoxy to withstand cyclic
loading is of concern. Since cavitation of the rubber particle is the initial step in the
stress relieving mechanism during an applied load, the particle is no longer effective
during subsequent loading cycles. Thus, the number of rubber particles available to
initiate the stress relieving mechanism is reduced after each loading cycle.
Recently, a new approach to toughening epoxy resins has been undertaken.
This approach involves the incorporation of engineering thermoplastics into the
epoxy network. Engineering thermoplastics have excellent mechanical properties,
solvent resistance, high temperature stability, and toughness. The main drawback
of engineering thermoplastics is that they are difficult to process due to the high
temperatures required to melt the resin. It was hoped that the addition of
engineering thermoplastics to epoxy resins would result in resins with superior
fracture toughness that are easily processible.
Engineering thermoplastics have been added to epoxy resins both by simple
blending and by using engineering thermoplastics with reactive end groups which
react with the epoxy network. The addition of engineering thermoplastics with
reactive end groups results in phase separated morphologies which effect the
fracture toughness of the modified material^ ' ^ Three distinct phases which have
been identified include thermoplastic-rich inclusions in an epoxy-rich matrix, mixed
continuous phases and epoxy-rich inclusions in a thermoplastic-rich matrix.
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The improvement in fracture resistance is highly dependent upon the
morphology of the resulting material. In the reactive thermoplastic oligomers
synthesized in our laboratory by Thompson and Bennett, the highest fracture
toughness values were obtained with the addition of the greatest amount of
thermoplastic oligomerio. in this situation, the epoxy-rich phase forms inclusions
within the continuous thermoplastic-rich phase. The enhanced fracture toughness is
speculated to be a result of the inherent fracture toughness of the thermoplastic
oligomer. At lower oligomer concentrations, the thermoplastic oligomer forms
inclusions in the epoxy-rich matrix. Very litde improvement in fracture toughness
is seen in this system over the neat resin.
The mechanisms involved for increasing the fracture resistance of rubber-
modified and engineering thermoplastic modified epoxy resins have been studied
under simple plane stress and plane strain states. It is unknown if these materials
will reduce the stress evolved in three-dimensionally constrained resins. In the
region in front of a crack tip there exists a region of triaxial stress. However, as
soon as cavitation occurs in this region, the three-dimensional constraint is lost. If
the entire resin is under three-dimensional constraint, as is the case within the tube
away from the ends, uniform cavitation does not relieve the condition of three-
dimensional constraint. Cavitation may reduce the stress, but the same degree of
dimensional constraint is still imposed on the voided resin. The goal of this chapter
is to examine the stress relieving behavior of these toughened materials when they
are subjected to volumetric constraints.
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4.3 High Temperature Resin System
4.3.1 Materials
The epoxy resin used in the study was Epon 828 manufactured by the Shell
Chemical Company. The resin is a diglycidal ether of bisphenol-A (DGEBA) type
resin with an epoxide equivalent weight of 190g/mole. The high performance resin
was made by reacting Epon 828 with a diaminodiphenyl sulfone (DDS) curing
agent. The DDS has an amine equivalent weight of 61 g/mole. These materials
were used as received with no further purification. The chemical structure of Epon
828 and DDS are shown in Figure 4.1.
4.3.2 Experimental
The technique used to measure the evolution of residual stresses in the three
dimensionally constrained Epon 828/DDS resin system is the strain-gaged tube
technique described in Chapter 3. Since DDS is a crystalline solid, it must be
dissolved in the epoxy resin. A stoichiometric amount of DDS, based upon an
epoxy/amino hydrogen ratio of 1, was added to the Epon 828 resin at a temperature
of approximately 160°C. The mixture was mixed until the DDS was completely
dissolved in the epoxy. The resin was then degassed under vacuum until bubbling
of entrapped gases had ceased. After transferring the resin to a strain-gaged steel
tube, the resin was cured according to a predetermined cure schedule.
103
Epon 828
DDS
Figure 4.1 Chemical structures of Epon 828 and diaminodiphenyl sulfone (DDS).
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4.3.3 Results
The Epon 828/DDS resin system was cured isothermally at temperatures
between 100-20()°C in thick-walled glass tubes to check for the formation of cracks
in the resin. It was found that at temperatures above 150°C, macroscopic cracks
formed in the resin during the isothermal cure. The cracks formed resembled those
formed in the Epon 828/Jeffamine T-403 resin system discussed in Chapter 3. At
isothermal cure temperatures of 140°C and below, no cracks had formed in the resin
that were visible to the unaided eye.
After extended isothermal cures of the resin at temperatures below 150°C,
the temperature was increased at a rate of 10°C/hour to a temperature of 220°C.
The temperature was held constant for 2 hours and decreased at a rate of 20X/hour
to room temperature. In all cases, the resin had debonded from the glass surface
upon cooling. No cohesive cracks were observed in the resin.
The stress developed in the three-dimensionally constrained Epon 828/DDS
resin system was measured using the strain-gaged tube technique described
previously. In Figure 4.2 the stress and thermal history of the resin is shown as a
function of cure time. Iniually, the temperature was increased to 135°C over a one
hour period. After a 12 hour hold at 135°C the temperature was increased to 210°C
at a rate of 10°C/hour. Following a 2 hour hold at 210°C the resin was cooled to
room temperature at a rate of 20°C. After one hour at 1 35°C a hydrostatic tensile
stress began to develop in the epoxy resin. The tensile stress had increased to 12
MPa after 9 hours of isothermal cure. The stress remained constant during the
remainder of the isothermal cure. As the temperature was increased the stress began
decreasing and became compressive at a temperature of 153°C. At a temperature of
160°C and compressive stress of 5 MPa, the slope of the stress versus time curve
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decreased. The slope was essentially linear before and after this point. The
compressive stress after the temperature ramp was 20 MPa. During the isothermal
hold at 210°C the stress decreased to a 18 MPa compressive stress. Upon cooling
.he compressive stress decreased, becoming tensile at a temperature of 178°C. At a
hydrostatic tensile stress of 16 MPa and a temperature of 150»C, the resin debonded
from the tube surface.
In Table 4.
1
the thermal and mechanical properties of the Epon 828/DDS
resin system are shown. The results are comparable to literature values for this
resin system.
Table 4.
1 Thermal and mechanical properties of the Epon 828/DDS
Tensile Modulus (25°C) 2.5 GPa
Glass Transition Temperature (DSC) 220°C
Linear C.T.E. (below Tg) 69 ppm/°C
(above Tg) 168ppm/°C
resm system
4.3.4 Discussion
The temperature dependence of crack formation in the Epon 828/DDS resin
system during isothermal cures was similar to that observed in the Epon
828/Jeffamine T-403 resin system examined in Chapter 3. It was found here that
the critical temperature for crack formation was 150°C. Above this temperature,
macroscopic cracks formed in the resin as a result of cure shrinkage. Below this
temperature, macroscopic crack formation did not occur.
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The evolution of stress during the isothermal cure was a result of shrinkage
due to the crosslinking reaction. Dunng the isothermal cure at 135°C the epoxy
resin underwent both gelation and vitrification phenomena. Although impulse
viscoelastic measurements were not performed on this material, the work of Gilham
et al. indicates that at 135°C the Epon 828/DDS resin system vitrifies after
approximately five hours^o. Since reactions were occurring as the DDS was
dissolved m the epoxy resin at 160°C, the time to vitrification in this experiment
was likely less than five hours. As a result, at least 50% of the isothermal curing
stress was a result of the vitrification process.
In Figure 4.3 the data shown in Figure 4.2 is replotted in a stress versus
temperature form. In this form, the change in slope of the stress versus temperature
curve that occurs as the temperature is increased after the isothermal cure is
obvious. It is likely that this slope change is due to increased chemical shrinkage as
a result of going above the glass transition temperature of the resin. Plazek and
Choy found that the glass transition temperature of the Epon 828/DDS resin system
can be 20°C above the cure temperature, provided the cure temperature is below the
resin's ultimate glass transition temperature^i. A DSC experiment performed on the
resin after the isothermal cure at 135°C indicated a glass transition temperature
15°C above the isothermal cure temperature.
The hydrostatic tensile stress at which the resin debonded from the tube
surface was 16 MPa. The presence of a circular crack on the surface of the resin at
the end of the tube indicates that the debond likely started at the top of the tube and
propagated down the surface of the tube. In other experiments performed on the
Epon 828/DDS resin system, a similar low debonding stress was found. This could
be a result of the extreme brittleness of this resin, which is exemplified by the fact
that this resin does not exhibit a yield stress during a uniaxial tensile experiment and
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the strain at break is 4.5 percent. Thus, the resin is unable to deform enough to
relieve the mixed stress state at the end of the tube. This is in contrast with the
Epon 828/Jeffamine T-403 resin system examined previously which exhibits a yield
stress and can elongate up to 8 percent in a uniaxial tensile test.
The stress developed in a three-dimensionally constrained high temperature
epoxy resin is tremendous. Assuming the resin was able to withstand the stresses
developed during the entire cycle, the theoretical hydrostatic tensile stress
developed in the resin, obtained by extrapolating the stress versus temperature curve
in Figure 4.3 to room temperature, would be 80 MPa. The ultimate uniaxial tensile
strength of the Epon 828/DDS resin system has been measured to be 85 MPa. It is
doubtful that the adhesive strength necessary to withstand this kind of stress would
be possible under ordinary conditions.
The bulk modulus of the Epon 828/DDS resin system was calculated from
the stress versus temperature data and the linear thermal expansion coefficient using
Equation 3.8. In the glassy region below the glass transition temperature the bulk
modulus was calculated to be 3.2 GPa. This value is comparable to the value
obtained for the Epon 828/Jeffamine T-403 resin system.
4.4 Reactive Thermoplastic Oligomer Modified Epoxy Resin
4.4.1 Materials
A toughened resin system was made by incorporating a reactive
thermoplastic oligomer into the Epon 828/DDS resin system. The modifier used is
a t-butylhydroquinone-based amine-terminated poly(aryl ether ketone) (ATtBPK)
oligomer synthesized in our lab by Bennett. Details concerning the synthesis of this
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oligomer can be obtained from Bennett's thesis". The number average molecular
weigh, of the ATtBPK oligomer as determined from fluohne (before amine
termination) and nitrogen end-group analysis was 3100 g/mole. The amine
equivalent weight of the ATtBPK oligomer was 775 g/mole. The structure of the t-
butylhydroquinone-based amine-terminated poly(aiyl ether ketone) oligomer used is
shown in Figure 4.4.
4.4.2 Experimental
The technique used to measure the evolution of residual stresses in the three-
dimensionally constrained ATtBPK oligomer modified Epon 828/DDS resin system
is the strain-gaged tube technique described in Chapter 3. The ATtBPK oligomer
was added to the Epon 828 epoxy resin in the amounts of 20% and 40%. Since the
ATtBPK oligomer reacts with the epoxide groups in the Epon 828 resin, the amount
of DDS curing agent added was dependent upon the amount of oligomer added.
Enough DDS was added to keep the epoxide/amine ratio equal to 1. The weight
percent of ATtBPK, including the weight of the DDS, was 16.0% and 34.2% for the
two concentrations tested. Initially, the ATtBPK oligomer was dissolved in the
resin at 140°C. Dissolution was aided by vigorous mixing of the mixture. After
dissolution of the oligomer, the temperature was increased to 160°C. DDS was
added and vigorously mixed until dissolution was complete. The increase in
temperature was necessary due to the increased viscosity of the mixture after the
addition of the ATtBPK oligomer. The mixture was degassed under vacuum in
order to remove entrapped air. The resin was then poured into the strain-gaged steel
tube and cured according to a predetermined cure schedule.
Ill

The morphology of the modified resin systems was examined using
transmission electron microscopy (TEM). Bulk samples taken away from the resin
surface were microtomed at room temperature using a diamond knife. The
microtomed samples were approximately 80 nanometers thick and were stained for
four hours with osmium tetroxide prior to examination. All TEM micrograph
taken using a Jeol 100 CX transmission electron microscope operating at 100 kV
s were
4.4.3 Results
The behavior of this modified resin system when cured isothermally in
thick-walled glass tubes was similar to the neat Epon 828/DDS resin system. Due
to limited quantities of the ATtBPK oligomer, only limited testing of the modified
resin system was undertaken. It was found that at an isothermal cure temperature of
180°C both the 16.0% and 34.2% ATtBPK modified resin systems formed
macroscopic cracks during the curing reaction. For the 16.0% modified system, an
isothermal cure temperature of 140°C produced the desired result of no cracks
during the cure. In the 34.2% modified resin, a cure temperature of 155°C
produced a resin free of cracks.
In order to attain a complete cure, the temperature was increased to 220°C at
a rate of 10°C/hour after the extended low temperature cures. After holding the
temperature at 220°C for 2 hours, the resin was cooled at a rate of 20°C/hour. Upon
cooling, the appearance of both resins changed from a translucent brown color to an
opaque white color. Also, the resins debonded from the glass tube surface during
the cooling process.
The stress developed in the 16.0% modified resin during a complete cure
cycle is shown in Figure 4.5. The cure cycle consisted of a 20 hour isothermal cure
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at 140°C, a 10°C/hour temperature ramp to 220°C, a 2 hour hold at 220°C, and a
20°C/hour ramp to 30°C. The hydrostatic tensile stress developed during the
isothermal hold at 140°C was 4 MPa. After heating to 220°C, a hydrostatic
compressive stress of 20 MPa was generated in the resin. Upon cooling, debonding
of the resin from the tube surface occurred at a hydrostatic tensile stress of 21 MPa
and a temperature of 150°C.
The stress developed in the 34.0% modified epoxy resin during a complete
cure cycle is shown in Figure 4.6. The cure cycle consisted of a 20 hour isothermal
cure at 150°C, al0°C/hour ramp to 220°C, a 2 hour hold at 220°C, and a 20°C/hour
ramp to 30°C. The hydrostatic stress developed during the isothermal hold at
150°C was 3 MPa. After heating to 220°C, a hydrostatic compressive stress of 14
MPa was generated in the resin. Upon cooling, the resin underwent adhesive failure
at a hydrostatic tensile stress of 33 MPa. The temperature at failure was 136°C.
The morphology of the modified resins systems was examined using TEM.
TEM micrographs were taken of the modified resins cured under three-dimensional
constraints as well as the same resins cured free of constraint. In Figure 4.7 the
morphology of the 16.0% modified resin system cured free of constraints is shown.
The dark areas are the thermoplastic rich-inclusions. In Figure 4.8 the morphology
of the same resin system cured under three-dimensional constraints is shown. The
morphology of the resin is similar except that a number of voids are scattered
throughout the resin. Careful examination of the micrograph reveals that the voids
are present only in the thermoplastic-rich inclusions.
The morphology of the 34.2% modified resin system was also evaluated
using TEM. In Figure 4.9 the morphology of the 34.2% modified resin cured free
of constraints is shown. In this micrograph, the lighter colored inclusions represent
the epoxy-rich phase. The morphology of the same resin system cured under three-
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dimensional constraints is shown in Figure 4.10. The morphology of the resin is the
same except for the presence of voids in the resin. Once again the voids were
present only in the thermoplastic-rich phase. In this case, however, the
thermoplastic-rich phase is the continuous phase.
The thermal and mechanical properties of the ATtBPK oligomer-modified
resin system are shown in Table 4.2. The modulus was found to decrease slightly
with increasing oligomer content. In comparison to the neat resin, the fracture
energy increases 20% for the 16.0% oligomer modified system and 221% for the
phase inverted 34.2% oligomer modified system. The two phase materials exhibit
two glass transition temperatures, which correspond to the thermoplastic-rich and
epoxy-rich phases. The linear thermal expansion coefficients are similar in the
glassy region below the lower glass transition temperature. In the rubbery region
above the upper glass transition temperature, the linear thermal expansion
coefficients for the modified resins are approximately 9% greater than the neat
resin.
4.4.4 Discussion
The incorporation of ATtBPK oligomer into the Epon 828/DDS resin did
not prevent the formation of macroscopic cracks during isothermal cures close to
the ultimate glass transition temperature of the resin. The formation of cracks is a
result of stress developed during the crosslinking reaction. Thus, the ATtBPK
oligomer does not reduce the stress developed during the curing reaction to the
degree necessary to prevent macroscopic crack formation. Using an extended low
temperature isothermal cure followed by a temperature ramp to above the ultimate
glass transition results in a fully cured resin without cracks. Unfortunately, the
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resin is unable to withstand the tremendous tensile stresses that develop upon
cooling, causing interfacial failure of the resin and tube surface to occur.
Table 4.2 Thermal and mechanical properties of the ATtBPK/Epon 828/DDS resin
system.
Weight % ATtBPK Oligomer
Property Q 16.0 M.2
Modulus (GPa) 2.5 2.2 2.1
Fracture Energy (J/m2) 257 310 826
TgrC) #1 - 167 173
#2 219 207 206
CTE (ppm/°C) Below Tg #1 69 67 67
Above Tg #2 168 182 184
Upon cooling from the elevated temperatures, the material stress-whitens as
a results of the large hydrostatic tensile stresses developed in the resin. The stress-
whitened appearance of the resin is caused by void formation in the thermoplastic-
rich phase. The reason stress whitening occurs only in the thermoplastic-rich phase
is that the resin is in compression as it is cooled through the glass transition
temperature of the epoxy-rich phase. Below the glass transition of the epoxy phase,
tremendous tensile stresses would be necessary to cavitate the resin. Since the glass
transition temperature of the thermoplastic-rich phase is much lower, this phase
exhibits rubber-like behavior when the large hydrostatic tensile stresses are
developed.
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An experiment was performed in which the stress-whitened resin was
removed from the steel tube and heated to 240°C. At the high temperature, the
whitened appearance of the resin disappeared. Upon cooling, the resin did not
stress-whiten. Thus, it is the three-dimensional constraints imposed by the tube on
the resin which lead to stress-whitening of the resin.
In Figure 4. 1 1 the stress versus temperature data of the 0, 16.0 and 34.2%
ATtBPK oligomer modified resins are shown. In the modified systems, there
appears to be a slight decrease in slope in the 170-180°C temperature range as the
resin is cooled. It is possible that this is a result of cavitation occurring in the
thermoplastic-rich phase. The stress at failure increases with increasing oligomer
content. Since it appears that debonding begins at the end of the tube where the
stress field is not hydrostatic, the increased fracture resistance of the modified
resins, in particular the 34.2% ATtBPK oligomer loaded system, inhibits crack
propagation. This has the effect of allowing a greater hydrostatic stress build-up in
the resin at the interior of the tube.
Although the stress required for adhesive failure is reduced by the addition
of ATtBPK oligomer, the modifier does little to reduce the stress evolved under
three-dimensional constraints. The amount of void formation is small and may be
related to defects or entrapped air in the resin. The viscosity of the modified resins
is much higher than the neat resin and made the removal of entrapped gases by
vacuum much more difficult. Evidence for the presence of entrapped air is shown
in the stress versus temperature plot of the 16.0% modified system shown in Figure
4. 10. As the temperature is increased after the extended isothermal cure at 140°C,
the resin goes into compression. At a temperature of 156°C, the compressive stress
on the resin is 2 MPa. Further heating causes the resin to go back to the stress-free
state. This is likely due to the collapse of any voids when the resin is in the rubbery
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state. Entrapped gases may also explain the small stresses developed during the
isothermal cure. The neat resin developed a stress of 12 MPa, while the modified
resins only developed a 3 MPa stress. From the results of Chapter 3, it was
surmised that the presence of voids in the resin during the cure when the resin
exhibited rubber-like behavior. After vitrification, when the material exhibits glass-
like behavior, the presence of a small percentage of voids has a negligible effect on
stress formation.
Another possibility for reduced shrinkage stresses is a reduced volumetric
shrinkage associated with the curing reaction. The high molecular weight of the
ATtBPK reactive oligomer would decrease the amount of overall volumetric
shrinkage. Also, the addition of greater amounts of oligomer increases the viscosity
of the resin significantly. This has the effect of causing vitrification to occur at a
lower extent of reaction, thereby reducing the amount of volumetric shrinkage that
occurs during the isothermal cure.
4,5 Rubber-modified Epoxy Resin
4.5.1 Materials
The epoxy resin used was the DGEBA resin Epon 828 with an equivalent
weight of 190 g/mole. The reactive rubber used was Hycar 1300X16, an amine-
terminated butadiene-acrylonitrile (ATBN) copolymer manufactured by B.F.
Goodrich. Hycar 1300X16 has an acrylonitrile content of 16%. The curing agent
used was piperdine obtained from the Aldrich Chemical Co. All materials were
used as received with no further purification. The chemical structures of all the
compounds are shown in Figure 4.12.
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HjC-CHCHjWP^y_i-/P^S-(>CH2Cl5cH2
Epon 828
NH2 [(CH2CHCHCH2)x (<pHCH2)y]z NH;
CN
Hycar1300X16(ATBN)
H
I
Piperdine
Figure 4.12 Chemical structures of Epon 828, Hycar 1300X16, and piperdine,
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4.5.2 Experimental
The stress developed in the ATBN modified Epon 828 resin cured under
volumetric constraints was measured using the strain-gaged tube technique
described in Chapter 3. Hycar 1 300X 1 6 reactive rubber was added to the epoxy
resin in 5,10, and 20 phr amounts (based upon 100 phr Epon 828 epoxy resin). The
amount of piperdine added was 5 phr in all cases. The epoxy resin, reactive rubber,
and hardener were mixed together at room temperature. After degassing the
mixture under vacuum, the resin was poured into a strain-gaged steel tube. The
resin was then cured under a predetermined cure schedule.
4.5.3 Results
The ATBN modified epoxy resins were cured isothermally in thick-walled
glass tubes. At isothermal cure temperatures of 70°C and above, macroscopic
cracks formed in the resin during the cure. Below 60°C, however, macroscopic
cracks did not form during isothermal cures of up to 30 hours in length. After
curing the resins at 50°C for 24 hours, the temperature was increased to 1 20°C at a
rate of 10°C/hour and held at 120°C for 4 hours. Upon cooling the resins debonded
from the glass surface. No cracking of the resin had occurred and the resin did not
appear stress-whitened.
The stress developed during isothermal cures at various temperatures for the
10 phr ATBN modified epoxy resin is shown in Figure 4.13. At isothermal cure
temperatures of 80°C and 120°C, cohesive failure occurs at a hydrostatic tensile
stress of less than 2 MPa. For the 50°C isothermal cure, the hydrostadc tensile
stress begins developing after 10 hours, with the stress increasing to 5 MPa after 24
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hours of cure time. At a cure temperature of 40°C, the hydrostatic tensile stress
begins increasing after 25 hours and increases to 2 MPa over the next 5 hours.
The stress developed during a full cure cycle is shown in Figure 4. 14 for the
0, 5, 10, and 20 phr ATBN modified epoxy resins. The cure schedule was as
follows: 20 hours at 50°C, a 10°C/hour temperature ramp to 120°C, 4 hours at
120°C and a 10°C/hour temperature ramp to 30°C. The cure stresses developed
during the isothermal cure at 50°C was 4-5 MPa for all concentrations tested. The
stress development is similar for all concentrations tested. The hydrostatic tensile
stress at which debonding occurred upon cooling was 25 MPa for each rubber-
modified resin and 13 MPa for the neat resin.
4.5.4 Discussion
The behavior of the ATBN rubber-modified epoxy resin cured isothermally
under volumetric constraints was similar to that of other resins. High temperature
cures resulted in the formation of macroscopic cracks in the resin; extended low
temperature isothermal cures resulted in crack-free resins. Thus, the addition of a
reactive rubber did not relieve the stress to a degree necessary to inhibit
macroscopic crack formation.
Cavitation was not observed in any of the ATBN modified epoxy resins
during the cure cycle. Thus, the hydrostatic tensile stresses developed during the
cure were not large enough to cause cavitation of the rubber inclusions. One could
speculate that the hydrostatic tensile stresses formed in the resin did not exceed the
tensile strength of the rubber phase. Since the ATBN rubber reacts with the epoxy
to form a crosslinked material, it is likely that the tensile strength of the rubber-rich
inclusions is greater than 25 MPa.
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The ATBN rubber-modified epoxy resins were observed with an optical
microscope. The mean diameter of the rubber inclusions was on the order of 1 ^im.
This is in line with the particle diameters observed by other researchers using the
same system22.23
The hydrostatic tensile stress at which debonding of the resin from the tube
surface occurred was greater for the ATBN rubber-modified resins than for the neat
resin. This is likely due to the increased toughness of the modified resin which
inhibits debonding of the resin near the end of the tube. As shown in Figure 4. 14,
the addition of rubber did not appreciably lower the thermal stress development in
the resin upon cooling. Since the product of the bulk modulus and bulk thermal
expansion coefficient of the rubber is similar to the same product for the epoxy, the
addition of rubber should not lower the thermal stresses developed. As discussed in
Chapter 2, when a material is subjected to three-dimensional constraints, the only
method of relieving stress is through dilatational phenomena. Cavitation is one
process whereby a resin can deform by dilatation. Since this did not occur in the
resin, one would not expect the stress evolution to be affected.
4.6 Conclusions
In this chapter, the development of internal stresses in high-performance and
toughened epoxy resins subjected to three-dimensional constraints was investigated.
The high temperature, rubber-modified, and thermoplastic oligomer modified resins
all developed cracks during isothermal cures at temperatures close to the ultimate
glass transition temperature of the resin. The use of extended low temperature
isothermal cures, followed by slow temperature ramps to elevated temperatures,
resulted in fully cured uncracked resins. Upon cooling, however, all resins
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debonded from the tube surface due to the large hydrostatic tensile stresses
developed in the resins.
Due to the high glass transition temperature of the Epon 828/DDS resin
system, the thermal stresses generated in the three-dimensionally constrained resin
are large
.
In the ATtBPK oligomer-modified resins, stress whitening of the resins
occurs during cooling due to cavitation in the thermoplastic-rich phase. The
hydrostatic stress at which debonding occurs is higher in the oligomer-modified
resins than in the neat resin. In the ATBN rubber-modified epoxy resin, the stress
development during the cure parallels the stress development of the neat resin. The
rubber-modified resins also debonded at a higher hydrostatic tensile stress than the
neat resin. Since debonding initiated near the end of the tube where a mixed stress
state existed in the resin, the increased stress at failure can be attributed to the stress
relieving mechanisms of these materials.
In summary, the toughened epoxy resins were not able to relieve the stresses
imposed on them by the volumetric constraints. The mechanisms by which the
resins increase the fracture toughness are not applicable under volumetric
confinement. Since the development of stress under three-dimensional constraints
is due entirely to dilatational phenomena, a material under these conditions must be
able to undergo dilatational deformations in order to relieve the stress generated.
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CHAPTER 5
EVOLUTION OF RESIDUAL STRESS IN FILLED EPOXY RESINS
SUBJECTED TO VOLUMETRIC CONSTRAINTS
5.1 Introduction
In this chapter, the results of an investigation into the evolution of residual
stresses of filled epoxy resins subjected to volumetric constraints are presented.
The fillers studied include solid glass microspheres, hollow glass microspheres,
ground epoxy resin, and voids. In order to analyze the behavior of filled systems, a
review of composite theory is presented. Highlighted are averaging techniques
useful in analyzing composite systems. Also, the theoretical effect of dimensional
constraints on the evolution of stress in various composite systems is presented.
5.2 Background
A few researchers have studied the development of residual stresses in
particulate composites^"^. Most of this research has centered on the determination
of localized stresses within the matrix. The composite is free-standing and the
development of stress is a result of the mismatch in thermal expansion coefficients
between the particles and matrix resin. As a result, the largest stresses were found
to occur at the particle interface in the hoop direction. The approach taken here,
however, is to impose three-dimensional constraints on the entire composite. In
135
order to do this, it is helpful to use averaging techniques to characterize the
composite properties.
Attempting to analyze a highly filled composite at the level of the
heterogeneities would be nearly impossible. So in an approach similar to the
continuum hypothesis used in solid mechanics, the concept of equivalent
homogeneity is used in the analysis of composites. The basic premise in equivalent
homogeneity is that the scale of the inhomogeneity is orders of magnitude less than
the dimension of the problem. Thus, the properties can be legitimately averaged
over an intermediate dimension.
In order to characterize composite materials the concept of volumetric
averaging is needed. An excellent review of this process was done by Christensen;
it will only be highlighted here". If a volume element in a composite is subjected to
a homogeneous stress or deformation field, the average stress in the element can be
defined by;
<^ii> = hf^,(^)dv (5.1)
and the average strain by;
1 r
<£ij> = vJ (5.2)
The effective moduli of the composite, designated by Cy^,, can be determined from
the following relation;
<cJij> = Qjk, <eij> (5.3)
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By solving for Equations 5.1 and 5.2, the effective properties of a composite
material may be determined from Equation 5.3. Although this sounds simple in
principle, the necessity of having exact solutions for the stress and strain fields
limits its applicability to some idealized geometric models of composites.
The most important properties in the study of three-dimensionally
constrained materials are the bulk modulus and bulk thermal expansion coefficient
Knowledge of these properties for composite materials should provide insight into
the development of stress in the system. A composite spheres model, proposed by
Hashin, predicts the bulk modulus of a concentrated suspension of spherical
particles in a matrix^ The model assumes a gradation of spherical particles
embedded in a continuous matrix. The bulk modulus of the composite, K, was
found to obey the following equation;
c(K,-K^)
l+(l-c)
\
(K,-K^)
1
4
(5.4)
where c is the volume fraction of spheres and the subscripts i and m represent the
inclusion and matrix phases, respectively. The composite spheres model was found
to be reliable up to the maximum volume fraction of the particles in aggregate form.
A mathematical expression for the effective thermal expansion coefficient of
a two-phase composite was developed by Levin^. For a macroscopically isotropic
composite, the bulk thermal expansion coefficient is given by the following
equation;
(P. - K)
^-P^-'d/Ki-l/K^)
1 J_ (5.5)
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The effective thermal expansion coefficient is not dependent upon the geometries of
the phases but rather on the thermal expansion coefficients and the effective elastic
properties of the materials.
The effective modulus of a composite material is highly dependent upon the
properties and concentration of the constituents. Another important factor is the
change in material properties of either the matrix or filler in a transition region. In
the epoxy resin systems being studied, the change in moduli through the glass
transition region may be dramatic. The theoretical effect of glass microspheres,
hollow glass microballoons, and voids on the bulk modulus was calculated using
Equation 5.4. The properties of the matrix and filler particles used in the
calculations are shown in Table 5.1. In Figures 5.1 and 5.2 the reduced bulk
modulus of the composite is shown with respect to the neat resin as a function of
filler concentration for an epoxy resin matrix below and above its glass transition
temperature, respectively.
As expected, the composite bulk modulus is the greatest for the glass-filled
resin and lowest in the voided system. The most significant result obtained is that
the presence of a small concentration of voids can significantiy effect the composite
bulk modulus when the epoxy matrix is in its rubbery state above the glass
transition temperature. For example, a void concentration of 1% causes a 63% drop
in the composite bulk modulus when the matrix is in the rubbery state and only a
3% drop when the matrix is in the glassy state. Since the formation of stresses in
three-dimensionally constrained epoxy resins is highly dependent upon the bulk
modulus of the resin, the presence of a small concentration of voids may
significantiy affect the magnitude of stress developed in the composite.
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Table 5.1 Matrix and filler properties used in the calculation of the composite bulk
modulus.
Epoxy Epoxy Glass Hollow Glass
Pimm (Below Tg) (Above Tg) Microsnhe.re.. Microsphere. Voids
K(GPa) 3.0 1.2 36.0 4.0 0.0001 *
G(MPa) 1125 6.7
P(ppm/X) 240 600 24 24 0
A value of /^ro resulted m division by zero in the equation, "nius. a very small value was used, having a negligible effect
on the results.
The development of thermal stresses in a three-dimensionally constrained
composite material is affected by changes in the bulk modulus of the matrix and
filler in addition to changes in the bulk thermal expansion coefficients of each
component. Since the thermal stress generated in the volumetrically confined
composite is calculated from the product of the bulk modulus and bulk thermal
expansion coefficient, it is helpful to study this product in order to gain insight into
the behavior of different types of fillers on the formation of thermal stresses. In
Figure 5.3 the product of the bulk modulus and bulk thermal expansion coefficient
of the composite calculated from Equations 5.4 and 5.5 is plotted in reduced form,
with respect to the neat resin, versus filler concentration for an epoxy matrix below
its glass transition temperature. Figure 5.4 shows the same plot, except that the
epoxy resin matrix is above its glass transition temperature.
From the results shown in Figures 5.4 and 5.5, some interesting predictions
on the development of stresses in three-dimensionally constrained particulate
composites can be made. The average stress developed in a solid glass microsphere
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filled composite is nearly identical to the stress developed in the neat resin,
irrespective of filler concentration. For a microballoon-filled composite, the
average stresses generated in the composite should be less than those generated in a
neat resin for an equivalent temperature change. The decrease in stress in the
microballoon-filled composite would be twice as great for an equivalent
temperature change in the region below the matrix resin's glass transition
temperature as it would be in the region above the matrix resin's glass transition
temperature. The largest effect, however, is for a voided system. Since the
presence of voids does not change the effective bulk thermal expansion coefficient
of the composite, the reduction of stress is exactly proportional to the decrease in
bulk modulus of the voided resin. Thus, the voids cause a larger decrease in stress
when the epoxy resin matrix is above its glass transition region.
5.3 Materials
An epoxy/amine resin system was chosen as the matrix material. The epoxy
resin used in all studies was Epon 828. The curing agents used were Jeffamine T-
403 and diaminodiphenyl sulfone.
Four different types of filler particles were chosen for evaluation; solid glass
microspheres, hollow glass microspheres, ground epoxy resin, and voids. The solid
glass filler was produced by Potters Industries, Inc. The spherical particles had an
mean diameter of 20 |im. Q-cel 600 hollow glass microspheres were obtained from
Philadelphia Quartz, Inc. The microspheres had a mean particle diameter of 62 |j.m
and the average thickness of the glass was 10% of the particle diameter. The
ground epoxy filler was made by grinding fully cured Epon 828/Jeffamine T-403
resin in an analytical mill. The particle size was less than 250 ^im. Voids were
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produced in the epoxy resin with a nitrogen gas blowing agent. The compound
used to produce nitrogen gas was 4,4'-oxydibenzenesulfonyl hydrazide (OBSH),
purchased from Aldrich Chemical Company. This material decomposes at 160-
16rC, releasing nitrogen gas.
5.4 Experimental
The strain-gaged tube technique described in Chapter 3 was used to measure
the stresses developed in filled resin systems subjected to three-dimensional
constraints. The Epon 828/Jeffamine T-403 resin system was used as the matrix
material for the solid glass, hollow glass microballoon, and ground epoxy fillers.
The Epon 828 and Jeffamine T-4()3 were mixed in a epoxide/amine ratio of 1. The
appropriate amount of filler was then added to the epoxy/amine mixture and
vigorously mixed. Entrapped gases were removed by placing the resin under a
vacuum. The cure schedule followed for all concentrations of particle filled
composites was as follows: 20 hour isothermal cure at 40°C, a 10°C/hour ramp to
1 10°C, 4 hours at 1 10°C, and a 20°C/hour ramp to 30°C.
The OBSH blowing agent was used in the Epon 828/DDS resin system. A
stoichiometric amount of DDS was dissolved in the Epon 828 epoxy resin at a
temperature of 160°C. After dissolution of the DDS, the temperature was lowered
to below 140°C and 1 phr OBSH was mixed into the resin. The OBSH was not
soluble in the epoxy resin. The cure schedule used to cure the system was as
follows: 2 hours at 140°C, a 60°C/hour ramp to 160°C, 6 hours at 160°C, a
10°C/hour ramp to 220°C, 2 hours at 220°C and a 20°C/hour ramp to 30°C.
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5.5 Results
Solid glass microspheres were incorporated into the epoxy resin matrix in
volumetric concentrations of 25% and 50%. In Figure 5.5 the stress and
temperature versus cure time are plotted for the 25% loaded system. A 10 MPa
hydrostatic tensile stress is developed in the composite during the isothermal cure at
40°C. After the temperature ramp to 1 10°C, the composite is under a 28 MPa
compressive stress. Upon cooling, the resin debonds from the tube surface at a
temperature of 50°C, with a hydrostatic tensile stress of 19 MPa. In Figure 5.6 the
data for the 50% loaded system is shown. After the 50°C isothermal cure, the
hydrostatic tensile stress in the composite was 6 MPa. After 8 hours, a small
decrease in the slope of the stress-time curved. This event was seen in each
experiment performed in the 50% loaded system. A compressive stress of 20 MPa
was generated during the temperature ramp to 1 10°C. Upon cooling to 30°C, a
hydrostatic tensile stress of 20 MPa developed in the composite.
The stress versus temperature results for the 0, 25 and 50% solid glass filler
composite materials is shown in Figure 5.7. The behavior of the 0% and 25%
loaded systems is shown to be nearly identical. However, significant differences
exist at the 50% loading level. The stress developed during the initial isothermal
cure is 40% lower than the stress developed at the other loading levels. Upon
heating, the compressive stress generated is only 20 MPa versus 28 MPa for the
other loading levels. During cooling, the slope of the stress-temperature curve in
the 50% loaded system continually decreases. This is in contrast to the 0 and 25%
loaded systems, where the stress-temperature curve is nearly linear.
The Qcel 600 hollow glass microspheres were added to the epoxy resin
matrix in 0, 10, 20 and 40% concentrations by volume. The stress versus
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temperature curves for all four loading levels are shown in Figure 5.8. The
hydrostatic tensile stress developed was 12 MPa in the neat resin and approximately
5 MPa for all the loaded systems. The compressive stress in the material after the
temperature ramp to 1 10°C decreased with increasing concentrations of filler. The
compressive stress in all three loaded systems was less than 5 MPa, while the
compressive stress in the neat resin was 27 MPa. After cooling to 30°C, the
hydrostatic tensile stress developed in the composite systems decreased with
increasing filler concentrations. The neat and 10% loaded resins debonded before
reaching 30°C, while the 20% and 40% loaded systems did not exhibit adhesive
failure. The slope of the stress-temperature curves was fairly linear during the
entire cooling process. The slope of the curves decreased with increasing filler
concentrations.
After the experiments were completed, a sample of the microballoon-filled
epoxy resin was removed from the interior of the tube. The epoxy resin was
dissolved away from the glass particles in a chromic acid solution. It was found
that a number of the microballoons had been broken during the cure process.
Ground epoxy resin was added to the epoxy resin matrix in 12.5% and 25%
concentrations. Concentrations of filler higher than 25% were not used because the
rough shape of the filler particles increased the viscosity of the resin to a level
which made pouring of the resin difficult. The stress versus temperature results for
0, 12.5 and 25% loaded systems are shown in Figure 5.9. The behavior at all three
loading levels was very similar. The only difference appears to be in the level of
the compressive stress developed after the temperature ramp to the upper curing
temperature. The final curing temperature in the resin-loaded systems was 1 17°C
versus 1 10°C for the neat resin. The compressive stress at 1 10°C decreases slightly
with increasing filler concentrations. Upon cooling, the resin debonded from the
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tube surface at all three loading levels. The hydrostatic tensile stress at debonding
decreased with increasing filler concentrations.
The voided sample contained approximately 9% by volume voids as
determined from density measurements of the sample. In Figure 5.10 the stress and
temperature versus cure time is plotted for the Epon 828/DDS resin system
containing the OBSH blowing agent. After 2 hours at 14()°C, no stress had
developed in the resin. After increasing the temperature to 16()°C, a hydrostatic
tensile stress begins to develop in the resin. At the end of the 6 hour hold at 160°C,
the tensile stress in the resin was 3 MPa. Upon heating, the stress went from tensile
to compressive. At a temperature of 180°C, the compressive stress began to
decrease; at 190°C, the resin was in a stress free state. Further heating caused the
material to go into a state of compression with a compressive stress of 3 MPa
attained at 220°C. Upon cooling, the stress became tensile in nature and debonding
of the resin from the tube surface occurred at a hydrostatic tensile stress of 15 MPa.
5.6 Discussion
The stresses measured in the three-dimensionally constrained composite
materials are the average stresses in the composite material. The residual stresses
present in the matrix and filler phases can vary significantly from the average stress
measured by the strain-gaged tube technique. The relationship between the average
stress in the composite and the average stresses in the particles and matrix can be
expressed by the following equation;
<c^> = c<ai> + (1 -c)<a^> (5.6)
153
o
3
•s
(O) ejn;BJ9dLuei
154
The simplest system to analyze would be a voided system. In this case, the stress in
the voids is equal to zero. Thus, the average stress in the matrix would be higher
than the average stress measured by a factor of 1/(1
-c).
The stresses measured for the 25% glass filled composite correlate well with
the theoretical predictions. The stresses developed are nearly identical with those
formed in the neat resin. This is an agreement with the theoretical predictions
shown in Figures 5.3 and 5.4. In the 50% filled system, the agreement is not good.
The stress in the composite appears to be affected by the slight decrease in stress
noticed during the initial isothermal cure at 40°C. An explanation of this behavior
is that debonding of the filler particles occurs, thereby reducing the stress formed in
the composite. If a macroscopic crack had formed in the resin, a difference would
be measured in the longitudinal and tangential stresses. Since the values remained
nearly equal through this region, one could assume that the change was occurring
uniformly throughout the composite. Also, the slope of the stress-temperature
curve slowly decreases as the composite is cooled into the region where the stresses
are tensile. This behavior may be explained by debonding of the glass particles
from the matrix resin. If the resin is in a state of hydrostatic tension, the cavity
formed after debonding of a filler particle behaves like a void. From the theoretical
calculations, it was found that voids lower the thermal stresses generated in three-
dimensionally constrained materials. Results by Farris and Yilmazer support the
theory of debonding^. In uniaxial tensile experiments of filled systems, they found
that the debonding of filler particles reduced the stress. This in turn caused an
increase in volume of the sample.
In the microballoon-filled resins, the development of stress is much different
than that expected from the theoretical predictions. The compressive stresses
developed in the composite during the temperature ramp from 40°C to 1 10°C are
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quite small. At the 20% and 40% loaded systems, the composite is virtually stress-
free after the temperature ramp to 1 10°C. A possible explanation for this behavior
can be found from the evidence of failure in the microballoons themselves. From
the broken glass fragments found after dissolution of the resin, it may be postulated
that the resin was actually a highly voided system. Once a microballoon had
fi-actured, it would no longer provide reinforcement and would essentially behave as
a void. The presence of voids would also promote stress relaxation of the resin,
particularly when the resin is above its glass transition temperature.
The stress development in the epoxy resin filled with fully cured ground
epoxy resin was similar to the stress development in the neat resin. One might
expect, however, that the stress developed during the initial isothermal cure might
be reduced by the presence of a non-reacting filler. The experimental evidence that
the stress is not significantly reduced gives credibility to the theory from Chapter 3,
which states that the theoretical shrinkage stress in a three-dimensionally
constrained resin is not attained due to the presence of voids in the system. The
epoxy filler particles were made by a grinding process which resulted in irregularly
shaped particles. It is highly unlikely that all of the entrapped gases were removed
from this system during the vacuum procedure. If the void content is very small,
the voids would be collapsed soon after the temperature was increased during the
temperature ramp. As a result, the stress behavior as the material went into
compression would not be affected. Upon cooling, the composite was akeady
below its glass transition temperature of the epoxy when the composite went into a
state of hydrostatic tension. From the theoretical results, it was found that a small
void content would have little effect in a glassy matrix.
The behavior of the voided system was as expected. The initial cure
stress was reduced and the closing of the voids when the epoxy matrix was in the
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rubbery state reduced the average stress in the matrix. It should be noted for a
voided system with a rubber-like matrix, the void concentration in the three-
dimensionally constrained system will change with temperature changes. An epoxy
resin above its glass transition temperature will change in volume approximately
0.6% for every 10°C change in temperature. At high void concentrations, this will
not significantly change the bulk modulus value. At low concentrations, however,
the theoretical predictions shown in Figure 5.2 indicate that the bulk modulus would
change dramatically. For example, the bulk modulus in a three-dimensionally
constrained epoxy resin above its glass transition temperature with a void content of
0.6% increases by a factor of 2 during a 10°C temperature increase. In this case, the
voids would totally collapse and the bulk modulus would simply be the bulk
modulus of the neat resin.
5.7 Conclusions
This chapter focused on the development of residual stresses in three-
dimensionally constrained composite materials. Solid glass microspheres, hollow
glass microspheres, fully cured ground epoxy resin, and voids were incorporated
into an epoxy resin matrix. Composite theory predicted that the solid glass filler
would have virtually no effect on the formation of stress in the volumetrically
confined composite. The presence of a small concentration of voids was predicted
to dramatically lower stresses when the epoxy matrix was above its glass transition
temperature. Below the glass transition temperature of the resin, the effect of voids
was not as great; however, they did significantiy lower the stress at higher
concentrations. Microballoons were predicted to slighdy lower the stresses
developed in the volumetrically constrained composite.
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The average stress developed in the composite systems during the curing
process was measured using the strain-gaged tube technique described in Chapter 3.
The stress developed in the solid glass microsphere-fiUed resin was equal to the neat
resin at the 25% loading level. However, the stress decreased at the 50% loading
level due to debonding of the particle from the matrix resin. In the microballoon-
filled resin, the average stress was reduced by more than the theoretical predictions
due to the presence of voids in the system. The voids were created by the fracture
of the microballoons during the curing process. The final average residual stress in
the microballoon composites was reduced with increasing concentrations of
microballoons. The fully cured ground epoxy resin had virtually no effect on the
average stress generated in the composite. This was expected since the filler and
matrix were the same material.
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CHAPTER 6
MODIFICATION OF ADHESIVE JOINTS
6.1 Introduction
In this chapter the principles learned in the previous chapters are applied to
an adhesive problem. An epoxy resin is used as an adhesive in a highly constrained
tubular joint. The effect of fillers and cure schedule on the breaking strength of the
highly constrained adhesive joint is presented. The results are interpreted on the
basis of residual stress formation in the epoxy resin.
6.2 Background
From the results of previous chapters, it was found that the imposition of
three-dimensional constraints on an epoxy resin led to the formation of tremendous
residual stresses in the resin. One application where this would have a significant
effect is in a highly constrained adhesive joint. Large tensile residual stresses would
tend to decrease the bond strength of the adhesive. Another possible effect of large
residual stresses in the resin would be that they might cause damage to the material
being bonded. In this section, both the reduction in bond strength and possible
damage to the bonded materials are analyzed for a highly constrained adhesive
joint.
Previous work in our laboratory has shown that the thermal stresses
generated in an adhesive may greatly effect the bond strength of a joint'. An epoxy
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resin with a Tg of 80°C was used to join two plates bonded together in a lap joint.
It was found that the joint was significantly stronger at a temperature of 70°C than
at 25°C due to a reduction of thermal stresses in the adhesive. In the lap joint, the
resin was two-dimensionally constrained. As shown in previous chapters, however,
there is a great difference between two and three-dimensional constraints.
The strength of a highly constrained tubular adhesive joint was also
investigated. A schematic diagram of the tubular joint is shown in Figure 6.1. In
the tubular joint, the adhesive is essentially three-dimensionally confined in the
space between the tubes. Once again the presence of large residual stresses in the
resin decreased the strength of the joint. It was also found that the addition of
hollow glass microspheres tended to increase the bond strength of the joint. This is
agreement with the findings of Chapter 5 in which the residual stress in a three-
dimensionally constrained resin was lowered by the addition of hollow glass
microspheres. By lowering the residual stress, the strength of the joint should
increase, provided the effective properties of the composite material are not lowered
by the same degree.
Another factor to be considered in the analysis of the tubular joint is the
possible damage done to the tubes by the formation of stress in the resin. Assuming
that the resin is under hydrostatic tension or compression, the stress in the tubes can
be calculated using pressure vessel theory. The stresses in a thick-walled tube are
related to the internal and external pressure by the following equation;
a^b^(p,-Pi) Pja^-Ppb^
r2(b2-a2) b2-a2
(6.1)
a, =
-a2b2(p,-Pi) Pja^-Ppb^
r2(b2-a2) b2-a2
(6.2)
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where o, = radial stress,
= tangential stress,
Po = external pressure.
Pi = internal pressure,
a = internal tube diameter,
b = external tube diameter, and
r = radius of stress calculation.
The equations can be solved for the outer tube by assuming that it is only subjected
to an internal pressure. For the inner tube, it can be assumed that it is subjected to
only an external pressure. Using these assumptions, the stress in the resin required
to impart a stress greater than the yield stress of the tube material can be calculated.
Using the tube dimensions given in Section 6.4, the compressive or tensile
hydrostatic stress in the resin required to yield aluminum and steel tubes was
calculated. For aluminum tubes, with a yield stress of 95 MPa, the inner surface of
the inner tube would yield with the adhesive under a hydrostatic compressive or
tensile stress of 18 MPa. Similarly, a steel tube with a yield stress of 250 MPa
would yield with a hydrostatic compressive or tensile stress of 47 MPa in the
adhesive. Since hydrostatic stresses of up to 80 MPa have been estimated in a
volumetrically confined high Tg epoxy resin, yielding of the constraining material
is a potentially serious consequence of the imposition of three-dimensional
constraints on the adhesive.
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6.3 Materials
The adhesive used was Epon 828 epoxy resin with Jeffamine T-403 curing
agent. Qcel 600 hollow glass microballoons were chosen as the filler. Both steel
and aluminum tubes were used to construct the tubular joints depicted in Figure 6.1.
The outside diameters of the tubes were 25.2 mm and 19.2 mm and both tubes had a
wall thickness of 2.0 mm. The gap thickness between the tubes was 1.1 mm.
6.4 Experimental
The adhesive was prepared by mixing together the epoxy resin, curing agent
and filler. After mixing, the mixture was placed under vacuum in order to remove
entrapped gases. The surfaces of the adhesive joints were prepared by lightly
sanding the area to be joined and washing the surface with acetone. The length of
the adhesive joint was 12 mm. Duct tape was used to seal one end of the joint and
to align the tubes. The resin was then poured into the joint and cured. Two
different cure schedules were used to cure the adhesive; a high temperature
isothermal cure and a ramped type cure. In the high temperature cure, the joint was
cured at 120°C for 2 hours and cooled to room temperature at 20°C/hour. In the
ramped cure, the resin was cured for 20 hours at 40°C, ramped at 10°C/hour to
1 10°C, held at 120°C for 2 hours, and cooled to room temperature at 20°C/hour.
The strength of the joints was tested using an Instron universal testing
machine. The joints were gripped as shown in Figure 6. 1 and tested in a tensile
mode. The tensile tests were conducted at room temperature (25°C) with a constant
crosshead speed of 0.05 cm/min.
163
6.5 Results
Three different experiments were performed using the tubular adhesive
joint. In the first experiment, the Epon 828/Jeffamine T-403 resin system was cured
in aluminum tubes using a high temperature isothermal cure and a ramped type
cure. The second experiment was identical to the first except that steel tubes were
used. In the third experiment, the resin was loaded with 20% by volume Qcel 600
microballoons and cured in steel tubes using the same two cure schedules. Eight
identical samples were made for each experiment. Four samples were cured under
isothermal conditions and four samples were cured with the ramped cure schedule.
Each experiment was repeated once and the data reported is the average of at least
seven values.
The average breaking stress of the joints for each experiment is shown in
Figure 6.2. In each experiment, the stress required to break the joint was higher for
the ramped cure than for the isothermal cure. The difference was greater for the
steel tubes than for the aluminum tubes. The highest breaking stress of 20 MPa was
recorded for the Qcel 600 filled system cured with a ramp type cure. The highest
breaking stress for the isothermal cures was also in the filled system.
The behavior of the joints after the initial break was also quite different. In
the isothermally cured joints, the joint came apart quite easily after the initial break
when the adhesion between the adhesive and tube was broken. For the joints cured
with a ramped cure schedule, however, the joint was very difficult to pull apart after
the initial break. In fact, the joint exhibited a stick- slip type mechanism as the joint
was pulled apart by the Instron. Oftentimes, the load required to pull apart the joint
after the initial break was 50% of the breaking load.
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6.6 Discussion
The resuhs obtained for the breaking strength of the tubular joints were
expected from the results presented in previous chapters. Low temperature
isothermal cures, followed by ramped cures in order to obtain a full cure, resulted in
improved bond strengths over high temperature isothermal cures. In the
measurement of stresses evolved in three-dimensionally constrained resins using the
strain-gaged tube technique, it was found that high temperature isothermal cures
resulted in the formation of cracks in the resin. It was also found that the ramped
cures reduced the residual stress in the resin. The reduction of residual stresses in
the epoxy resin used in the tubular joint through the use of ramped cures improved
the bond strength of the joint.
In a comparison of the bond strengths of the aluminum and steel tubes, the
aluminum tubes have a slightly higher bond strength for the isothermal cures,
whereas the steel tubes have a significantly larger bond strength for the ramped
cures. For the isothermal cures, the lower thermal expansion coefficient of the steel
tubes would lead to the formation of larger tensile residual stresses in the resin upon
cooling from the cure temperature. This would tend to decrease the bond strength
of the adhesive joint. In the ramped cures, the thermal expansion coefficient of the
tubes is not as important because the initial cure temperature is close to the
temperature after cooling. A possible explanation for the increased strength of the
steel joint may be that the aluminum tube may have been stressed beyond its yield
point during the temperature ramp.
Tlie addition of Qcel 600 microballoons increased the bond strength of the
adhesive joint. The bond strength was increased by 130% with the addition of 20%
microballoons for an isothermal cure. In comparison to the bond strength of the
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unfilled resin cured with a ramp cure, the bond strength is increased by 55% by the
addition of 20% Q-cel 600 microballoons. The highest bond strength measured
in the 20% microballoon-filled epoxy resin cured with a ramped cure. The addition
of microballoons lowers the product of the bulk modulus and thermal expansion
coefficient of the resin, resulting in a decrease in the magnitude of the residual
stress formed. It is likely that the decrease in residual stress is the cause of the
increase in bond strength of the tubular joint.
The steel and aluminum tubes used to make the tubular joints in this
experiment were thick enough to withstand the stresses imposed on them by the
resin. If the thickness of the tubes was decreased, the formation of large stresses in
the resin could possibly cause yielding of the tubes. This was shown by the analysis
made in Section 6.2. If the temperature of the joint was continuously raised and
lowered, thereby continually taking the tube beyond its yield point, the tube could
fail prematurely due to fatigue.
6.7 Conclusions
In this chapter the bond strength of a highly constrained adhesive joint was
modified using the results obtained in previous chapters. The highly constrained lap
joint was created by gluing a small diameter tube inside a larger tube with an epoxy
resin. The tubes imposed a condition of three-dimensional constraint on the
adhesive.
From the results obtained, several conclusions may be made on the bond
strength of a highly constrained adhesive joint. It was found that modification of
the cure schedule can increase the bond strength up to 150% by reducing the
residual stress in the adhesive. The results of Chapter 3 indicated that the use of
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extended low temperature isothermal cures followed by ramped cures reduce the
residual stress in three-dimensionally constrained resins over those cured
isothermally at elevated temperatures. Not surprisingly, the strength of highly
constrained adhesive joints cured with ramped cures was much improved over those
cured isothermally.
The strength of the joints was increased further by the incorporation of
hollow glass microspheres into the adhesive. The bond strength of the
microballoon-filled adhesive was improved over that of the neat adhesive for both
isothermal and ramped cures. The highest bond strength was obtained for the
microballoon-filled resin cured with a ramped type cure schedule. It may be
concluded that lowering the residual stress in a highly constrained adhesive joint
results in improved bond strength, provided the strength and adhesive properties of
the resin are not significantly reduced.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK
7.1 Conclusions
The goal of this research project was to study the evolution of stress in
volumetrically confined epoxy resins. Emphasis was placed on trying to both
analyze the stress formation theoretically and measure the stress formation
experimentally. It was hoped that by gaining an understanding of the processes
involved in the formation of residual stresses in epoxy resins cured under
volumetric constraints, methods could be devised for reducing them.
In Chapter 2, the equations of incremental elasticity were used to predict the
formation of large residual stresses in epoxy resins cured under volumetric
constraints. Stress arises in the resin due to the volumetric changes associated with
both the curing reaction and temperature changes. In less constrained systems, the
development of stress causes the resin to deform distortionally. Under three-
dimensional constraints, however, it was shown that the only deformational mode
available for the resin can is dilatation. Epoxy resins can undergo distortional
deformations, such as shear, much easier than dilatational deformations. Thus, the
stresses evolved in epoxy resins were predicted to be much larger under three-
dimensional constraints than in less constrained geometries.
In Chapter 3, the stresses developed in a three-dimensionally constrained
epoxy resin were measured experimentally. The formation of large stresses residual
stresses was suspected from visual observations of cracks forming in epoxy resins
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cured isothermally in thick-walled glass tubes. An in situ strain-gaged tube
technique was developed to determine the residual stresses formed in the epoxy
resin during the curing process.
Hydrostatic tensile stresses as large as 12 MPa were found to form in
volumetrically confined epoxy resins during isothermal cures. The magnitude of
the stress developed during the isothermal cures increased with increasing cure
temperatures. The hydrostatic stress was found to form in the post gel region, with
most of the stress developing as the epoxy vitrified.
It was found that the thermal stresses generated upon cooling did not depend
upon the state of the resin. The product of the bulk modulus and bulk thermal
expansion coefficient remained essentially constant over the temperature range
studied. The increase in the bulk thermal expansion coefficient above the glass
transition temperature was offset by a corresponding decrease in the bulk modulus
of the resin. Thus, the slope of the stress versus temperature curve was constant
upon cooling from the uppermost reaction temperature.
The formation of residual stress was found to be highly dependent upon the
cure schedule. It was discovered that low temperature isothermal cures, followed
by ramped cures to elevated temperatures, resulted in the reduction of residual stress
in the epoxy resin. The lowest residual stress measured in the fully cured Epon
828/Jeffamine T-403 resin system cured under volumetric constraints was a
hydrostatic tensile stress of 23 MPa.
Chapter 4 discussed the development of internal stresses in high-
performance and toughened epoxy resins subjected to three-dimensional constraints.
The high temperature, rubber-modified, and thermoplastic oligomer modified resins
all developed cracks during isothermal cures at temperatures close to the ultimate
glass transition temperature of the resin. The use of extended low temperature
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isothermal cures, foUowed by slow temperature ramps to elevated temperatures,
resulted in fully cured uncracked resins. Upon cooling, however, all resins
debonded from the tube surface due to the large hydrostatic tensile stresses
developed in the resins.
The thermal stresses generated in the three-dimensionally constrained
are large due to the high glass transition temperature of the Epon 828/DDS
system. In the ATtBPK oligomer-modified resins, stress-whitening of the resins
occurs during cooling due to cavitation in the thermoplastic-rich phase. In the
ATBN rubber-modified epoxy resin, the stress development during the cure
parallels the stress development of the neat resin.
The toughened epoxy resins were not able to relieve the stresses imposed on
them by the volumetric constraints. The mechanisms by which the resins increase
the fracture toughness are not applicable under volumetric confinement. Since the
development of stress under three-dimensional constraints is due entirely to
dilatational phenomena, a material under these conditions must be able to undergo
dilatational deformations in order to relieve the stress generated.
Chapter 5 focused on the development of residual stresses in three-
dimensionally constrained composite materials. Solid glass microspheres, hollow
glass microspheres, fully cured ground epoxy resin, and voids were incorporated
into an epoxy resin matrix. Composite theory predicted that the solid glass filler
would have virtually no effect on the formation of stress in the volumetrically
confined composite. The presence of a small concentration of voids was predicted
to dramatically lower stresses when the epoxy matrix was above its glass transition
temperature. Below the glass transition temperature of the resin, the effect of voids
was not as great; however, they did significantly lower the stress at higher
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concentrations. Microballoons were predicted to slightly lower the stresses
developed in the volumetrically constrained composite.
In general, the correlation between the results predicted by composite theory
and the experimental results was good. The stress developed in the solid glass
microsphere-filled resin was equal to the neat resin at the 25% loading level.
However, the stress decreased at the 50% loading level due to debonding of the
particle from the matrix resin. In the microballoon- filled resin, the average stress
was reduced by more than the theoretical predictions due to the presence of voids in
the system. The voids were created by the fracture of the microbaUoons during the
curing process. The final average residual stress in the microballoon composites
was reduced with increasing concentrations of microballoons. The fully cured
ground epoxy resin had virtually no effect on the average stress generated in the
composite. This was expected since the filler and matrix were the same material.
In Chapter 6, the bond strength of a highly constrained adhesive joint was
modified using the results obtained in previous chapters. The highly constrained lap
joint was created by gluing a small diameter tube inside a larger tube with an epoxy
resin. The tubes imposed a condition of three-dimensional constraint on the
adhesive.
The tube joints were cured using two different cure schedules: one in which
the resin was cured isothermally at a high temperature and one in which the resin
was cured with an extended low temperature isothermal cure, followed by a ramped
cure to an elevated temperatiu"e. The strength of the bond was significantly
improved through the use of the ramped cure schedule. The strength of the joint
was increased further by the incorporation of hollow glass microspheres into the
epoxy resin adhesive.
172
In summary, the imposition of volumetric constraints on a curing epoxy
resin can have drastic consequences. The most practical solution to this problem is
to design structures which do not place the resin under these conditions. In cases
where this is not possible, the residual stresses can be reduced, but not alleviated,
through the use of ramped cure schedules and fillers which increase the
compressibility of the resin.
7.2 Future Work
The results presented in this dissertation present a number of opportunities
for future studies. One of the major areas of study will be the study of the behavior
of a number of different materials under volumetric constraints. In addition to cure
shrinkage and thermal expansion, other phenomena which produce volume changes
could be investigated. The technique developed for measuring the stresses evolved
under three-dimensional constraints may also be applied to a number of adhesion
problems. An outline of each of these research areas is presented below.
A number of polymeric materials undergo volumetric changes during cure.
Some of the more important materials include polyurethanes and polyesters. Like
epoxy resins, these materials are often used in highly confined geometries, which
may lead to the formation of tremendous stresses in the materials. In many cases
the cure shrinkage for polyesters is much larger than for epoxy resins. Thus, it
would be interesting to measure the magnitude of stress developed in these systems.
Another interesting area of research would be studies on the crystallization
of thermoplastics under volumetric confinement. Some thermoplastics decrease in
volume by more than 15% during crystallization. This means that the potentially
tremendous stresses may be generated in a three-dimensionally constrained
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thermoplastic material. The resulting morphology of a polymer crystallized under
volumetric confinement may also produce intriguing results.
The experimental technique developed to measure the internal stress
developed in epoxy resins may also be used to investigate other phenomena.
Further studies on cavitation of epoxy resins and rubbers could prove useful. Using
the strain-gaged tube technique, hydrostatic tensions can be imparted on a material.
This could be helpful in studying the mechanism of cavitation in materials.
Another phenomenon which produces a volumetric change in a material is
swelling. In previous work done in our laboratory, the absorption of permeants into
a material is known to affect the stress state of a material. It would be interesting to
see what effect the absorption of permeants would have on a volumetrically
confined material. One would expect the effect to be magnified, although the rate
of absorption would be slowed by the reduction in surface area in the cylindrical
tube geometry.
A final area of study to be suggested is in the area of adhesion. By
mounting a single fiber in the three-dimensionally constrained epoxy resin, the
hydrostatic tensile stress at which debonding of the fiber occurs could be measured.
It is also possible that properties such as the interlaminar tensile strength of highly
anisotropic fibers could be measured with this technique. A fiber placed in the
epoxy resin in the center of the tube would be subjected to hydrostatic tension upon
cooling. The stress at which failure occurs could possibly be measured using the
strain-gaged tube technique.
As polymers are being utilized in more and more high performance
applications, they are often placed under a high degree of constraint. It is hoped
that further research in the area of volumetric confinement will lead to methods of
controlling the detrimental stresses developed in polymers.
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APPENDIX
COMPUTER PROGRAMS
CORR.BAS is a BASIC program written to correct the data for any baseline shifts
during the run. The slope of the baseline was calculated using linear regression.
10 OPEN "*.PRN" FOR INPUT AS #1
20 OPEN "*.PRN" FOR OUTPUT AS #2
30 INPUT "TANGENTIAL SLOPE";ST#
40 INPUT "LONGITUDINAL SLOPE";SL#
50 INPUT "REFERENCE TEMPERATURE";RT
60 INPUT "LINES OF DATA";LD
70 FOR 1=1 TOLD
80 INPUT #1 ,TI,TE,TV#,LV#
90 DT=TE-RT
100 YT#=ST#*DT
110 YL#=SL#*DT
120 TV#=TV#-YT#
130 LV#=LV#-YL#
140 PRINT TI,TE,TV#,LV#
150 PRINT #2,TI,TE,TV#,LV#
160 NEXT I
170 CLOSE
180 END
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is a BASIC program written to reduce the size of the data file.
10 OPEN "*.pm" FOR INPUT AS #1
20 OPEN "*.pm" FOR OUTPUT AS #2
30 INPUT "NUMBER OF LINES OF DATA";L
40 INPUT "DECIMATION FACTOR";D
50 FOR I = 1 TO L
60 INPUT #1,A1,A2,A3,A4
70 IF INT(I/D) <> I/D GOTO 100
80 PRINT A1,A2,A3,A4
90 PRINT #2,A1,A2,A3,A4
100 NEXT I
110 CLOSE
120 END
STRESS.BAS is a BASIC program written to calculate the stress in the epoxy
resin from the strain gage data.
10 OPEN 'B:*.PRN" FOR INPUT AS #1
20 OPEN "A:*.PRN" FOR OUTPUT AS #2
30 INPUT "O.D. OF TUBE IN ANY UNITS";OD
40 INPUT "WALL THICKNESS OF TUBE IN SAME UNITS";WT
50 INPUT "MODULUS OF TUBE IN MPa";M#
60 INPUT "POISSON'S RATIO OF THE TUBE";V
70 INPUT "TANGENTIAL GAIN";TG
80 INPUT "LONGITUDINAL GAIN";LG
90 INPUT "TANGENTIAL EXCITATION VOLTAGE IN VOLTS ";TEV
100 INPUT "LONGITUDINAL EXCITATION VOLTAGE IN VOLTS";LEV
1 10 INPUT "TANGENTIAL GAGE FACTOR";TGF
120 INPUT "LONGITUDINAL GAGE FACTOR";LGF
130 INPUT "LINES OF DATA";LD
140 INPUT " TANGENTIAL BASELINE VOLTAGE";TBV
150 INPUT "LONGITUDINAL BASELINE VOLTAGE";LBV
160 INPUT "TIME SCALE";X
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170 B=OD/2
180 A=B-WT
190 CT#=((A^2)*2)/(B'\2-A^2)
200 CL#=(BA2-A^2)/A^2
210IFX=60THENZ=60
220 IF X=3600 THEN Z=3600
230 FOR 1=1 TO LD
240 INPUT #1 ,TI,TE,TV#,LV#
250 BTV#=TV#-TBV
260 BLV#=LV#-LBV
270 ATV#=BTV#/TG
280 ALV#=BLV#/LG
290 RTV#=ATV#/TEV
300 RLV#=ALV#/LEV
310 ST#=(-4*RTV#)/(TGF*(1+(2*RTV#)))
320 SL#=(-4*RLV#)/(LGF*(1+(2*RLV#)))
330 SIGZ#=M#*(SL#+(V * ST#))/( 1 -V^2)
340 SIGT#=M#*ST#+V*SIGZ#
350 SIGTE=-SIGT#/CT#
360 SIGZE=-SIGZ#*CL#
370 TIM=TI/Z
380 PRINT TIM,TE,SIGTE,SIGZE
390 PRINT #2,TIM,TE,SIGTE,SIGZE
400 NEXT I
410 CLOSE
420 END
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